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Figure 1. Flow chart of study selection. MS = multiple sclerosis, NMO = neuromyelitis optica,
PE = plasma exchange, IA = immunoadsorption.

6.2. Statistical Analysis

Analysis was performed using RevMan V.5.3 (Nordic Cochrane Centre, Copenhagen,
Denmark, the Cochrane Collaboration, 2014). Data were quantitatively synthesized by an
inverse-variance-weighted meta-analysis using a random-effect model because of the presence of
heterogeneity. The normal approximation interval (sqrt(p(1-p)/n)) was used to generate the confidence
interval for the therapy response rate. For studies where the normal approximation interval was
zero, the confidence interval was set to one to calculate the random effect model. The 95% normal
approximation confidence interval is provided in the meta-analyses.

7. Results

With the present search strategy and assessment of full-texts 690 studies, 40 observational and
1 randomized with a total of 1.383 patients could be analyzed. Figure 1 shows the flow chart of
study selection.

Effects of PE can be summarized as follows: in relapsing-remitting MS and clinically isolated
syndrome (12 studies and 398 patients) therapy response of 76.6% (95%CI 63.7–89.8%) (Figure 2A),
in progressive MS (5 studies and 112 patients) therapy response of 53.9% (95%CI 29.5–78.4) (Figure 2B),
in isolated optic neuritis (4 studies and 83 patients) therapy response of 71.5% (95%CI 56.4–86.6%)
(Figure 2C), and in NMO (13 studies and 401 patients) therapy response of 72.5% (95%CI 61.0–83.9%)
(Figure 2D).

Effects of IA can be summarized as follows: in relapsing-remitting MS and clinically isolated
syndrome (9 studies and 352 patients), therapy response of 80.6% (95%CI 69.3–91.8%) (Figure 2E);
and in NMO (2 studies and 37 patients), therapy response of 100% (95%CI 98.6–101.4%) (Figure 2F).
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Figure 2. The 95% normal approximation confidence interval is provided in the meta-analyses.
The given SE correspond to normal approximation confidence interval (sqrt(p(1-p)/n)). (A) Effects of PE
in RRMS and CIS. (B) Effects of PE in PMS. (C) Effects of PE in opticus neuritis. (D) Effects of PE in
NMO. (E) Effects of IA in RRMS and CIS. (F) Effects of IA in NMO. RRMS = relapsing-remitting multiple
sclerosis, CIS = clinically isolated syndrome, PMS = progressive multiple sclerosis, SE = standard error,
IV= instrumental variables. Figure 2A: Correia et al. [51], Dorst et al. [42], Ehler et al. [49], Ehler at al. [43],
Faissner et al. [50], Habek et al. [38], Lipphardt et al. [44], Magana et al. [41], Meca-Lallana et al. [48],
Schilling et al. [39], Trebst et al. [40], Yücesan et al. [47]. Figure 2B: Giedraitiene et al. [54], Hauser et al. [52],
Khatri et al. [35], Magana et al. [41], Medenica et al. [53]. Figure 2C: Deschamps et al. [45], Merle et al. [56],
Roesner et al. [55], Ruprecht et al. [46]. Figure 2D: Abboud et al. [61], Aungsmart et al. [62], Jiao et al. [64],
Kim et al. [60], Kleiter et al. [67], Kumar et al. [66], Lim et al. [59], Magana et al. [41], Mori et al. [65],
Song et al. [68], Srisupa-Olan et al. [63], Wang et al. [58], Watanabe et al. [57]. Figure 2E: Dorst et al. [42],
Heigl et al. [70], Hoffmann et al. [73], Koziolek et al. [32], Llufriu et al. [80], Mauch et al. [71],
Schimrigk et al. [75], Schimrigk et al. [76], Trebst et al. [72]. Figure 2F: Faissner et al. [77], Kleiter et al. [67].

Table 2. Studies on immunoadsorption in treatment of relapsing-remitting multiple sclerosis (RRMS),
clinically isolated syndrome (CIS) and neuromyelitis optica (NMO).

“RRMS” and “CIS”

Citation Year n Design
No. of

Treatments

Treated
Plasma

Volume (mL)
Matrix of Adsorber Outcome Limitation

[69] 2000 3 Retrospective 5–6 n.a. n.a. Therapy response
in 100% of patients

small number of
subjects

[74] 2005 12 Prospective 14
1.5-fold
plasma
volume

Sepharose-conjugated
sheep antibodies to

human
immunoglobulin (IgG)

No significant
therapy response

small number of
subjects and patient

collective with
heterogenous

MS-types

[71] 2011 14 Retrospective 5–6 n.a. Tryptophan Therapy response
in 85% of patients

small number of
subjects

[75] 2012 24 Retrospective Mean 5
(range 3–6) 2000–2500 Tryptophan Therapy response

in 83% of patients

small number of
subjects and patient

collective with
heterogenous

MS-types

[72] 2012 10 Retrospective 5–7 2500 Tryptophan Therapy response
in 66% of patients

small number of
subjects

[32] 2012 11 Prospective 5 2500 Tryptophan Therapy response
in 72% of patients

small number of
subjects
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“RRMS” and “CIS”

Citation Year n Design
No. of

Treatments

Treated
Plasma

Volume (mL)
Matrix of Adsorber Outcome Limitation

[70] 2013 60 Retrospective 6 2000 Tryptophan Therapy response
in 88% of patients

only qualitative data
regarding the

therapeutic success
and clinical data on

tolerability were
available

[76] 2016 147 Retrospective n.a. 2000–2500 Tryptophan Therapy response
in 71% of patients

Expanded Disability
Status Scale was used
to measure a change

in relapse-related
disability

[73] 2018 23 Retrospective Mean 5.8 2031 ± 230 Tryptophan Therapy response
in 83% of patients

Lack of a control
group; use of

immunoadsorption
was limited in some

study centers

[44] 2019 32 Retrospective 5–7 2000–2500 Tryptophan Therapy response
in 65% of patients

patients without
sufficient follow-up

data had a
significantly higher

patient age and longer
duration of disease

[42] 2019 31

Prospective,
double-blind,
randomized,

uni-center

On 5 days

2.0-fold total
plasma

volume on day
1, and the

2.5-fold total
plasma

volume on day
2–5

protein A Therapy response
in 100% of patients

Lack of blinding and
small number of

subjects

“NMO”

Citation Year n Design
No. of

Treatments

Treated
Plasma

Volume (mL)
Matrix of Adsorber Outcome Limitation

[77] 2016 10 Retrospective Mean 5.2
(3–7) 2000–2500 Tryptophan Therapy response

in 100% of patients
Small number of

subjects

[67] 2018 27 Retrospective ≥3 n.a. Tryptophan or Protein
A

Therapy response
in 100% of patients

Heterogenous
treatment protocols

8. Safety Profile

8.1. General

Another important fact to consider is the treatment safety. The noted rates of side effects during
those apheresis treatments are very heterogeneous. In the literature one can find complication rates
from 4.2% until 25.6% [81–84]. In 2011, Köhler et al. postulated lower side effects using IA in patients
suffering from myasthenia gravis [85]. They claim that a possible reason for the difference was due to
the absence of albumin-substitution. Zoellner et al. designed a study to investigate the fibrinogen
level and the occurrence of bleeding complications [86]. They demonstrated IA to have a lower
degree of fibrinogen reduction as PE. Bleeding complications occurred in 1.3–3.1% of treatments.
Schneider-Gold et al. reported allergic reactions, hypocoagulability, and bronchorespiratory infections
with a significant higher frequency in the PE-only group as compared to the IA-only group or the both
combined [87].

8.2. Multiple Sclerosis (with Relapsing-Remitting and Progressive MS Sub-Sections) and Clinically
Isolated Syndrome

In the recent study performed by Dorst et al. [42], a general well tolerance was observed with
5 mild infections in the PE group and 4 mild allergic reactions in the IA group. Furthermore, courses
of anemia and thrombocytopenia were documented with anemia being more frequent in the PE group
and thrombocytopenia being more frequent in the IA group.
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8.3. Multiple Sclerosis (with Relapsing-Remitting and Progressive MS Sub-Sections) and Neuromyelitis Optica

In our studies the complication rate was about 3.7% in over 780 apheresis cycles. Furthermore,
we could not detect any differences regarding the safety profile of IA versus PE [44,79].

All in all, both IA and PE have a high tolerability regarding the safety profile. It should be added
that the majority of the documented side effects are to be considered as mild. However, the use of IA and
PE should be reserved to specialized centers familiar with technical procedure and experienced with
this specialized patient population to ensure a high quality of treatment with low complication rates.

9. Treatment Predictors

9.1. General

One major predicting factor is the time to initiate apheresis treatment. Early initiation of apheresis
correlates with a higher response rate as was shown by several study groups [44,60,80,88]. In the onset
of sudden hearing loss, the early initiation of apheresis treatment was also beneficial [89].

Comparing the cumulative corticosteroid doses in apheresis-responders versus non-responders,
no significant difference was shown, which makes a synergistic effect of apheresis and corticosteroids
unlikely [44].

9.2. Multiple Sclerosis (with Relapsing-Remitting and Progressive MS Sub-Sections)

Magana et al. postulated the duration of the disease and preserved deep tendon reflexes as
important clinical predictors [41]. A different approach was followed by the study group of Stork et al.,
who conducted a single-center cohort study with 69 MS patients, evaluating treatment response
in relation to histopathologically defined immunopathological patterns of MS [34]. As early active
demyelinating MS lesions can be divided in 3 different immunopathological patterns of demyelination,
Stork et al. demonstrated that patients with pattern 1 and 2 are most likely to benefit from apheresis
treatment, especially in patients with pattern 2 who show signs of a humoral immune response in
particular. Patients with pattern 3 most likely do not benefit from apheresis treatment. During our
studies, we also became aware of the fact that patients having a good response to apheresis treatment
were significantly younger than non-responders [44]. This observation may be due to a decrease in
remyelination efficiency, as proposed by Sim et al. [90]. A gender-related treatment benefit towards the
female gender was identified in sub-groups of MS patients [44,91].

9.3. Neuromyelitis Optica

In a large study performed by Kleiter et al., it was shown that PE or IA exerts a better recovery
from acute relapses in patients suffering from neuromyelitis optica if they had isolated myelitis [92].
More recent studies focused on the plasma anti-aquaporin-4 immunoglobulin G antibody as a positive
predictor for treatment success with PE or IA in patients suffering from neuromyelitis optica spectrum
disorder [12]. In both studies, particularly, patients with a positive anti-aquaporin-4 immunoglobulin
G antibody responded well to the treatment with PE and IA. In addition to that, no advantage was
revealed for either PE or IA. The disease specificity of anti-aquaporin-4 immunoglobulin G antibody is
almost at 100% and clinical studies with immunohistochemical evidence suggest that this antibody
plays a central role in the pathogenesis of neuromyelitis optica spectrum disorder [93].

These predictors can thus be summarized according to various variables. Table 3 provides
a compilation.
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Table 3. Predictors of apheresis response. EDSS = Expanded Disability Status Scale; MRI =magnetic
resonance imaging. * Pediatric patients only.

“Multiple Sclerosis” (with Relapsing-Remitting and Progressive MS Sub-Sections)

Classification Predictor Citation Meaning

Clinical signs and
symptoms

EDSS ≤ 5 [43] Indicates good apheresis response
Preserved deep tendon reflexes [41] Indicates good apheresis response

Demographics Younger age [44] Indicates good apheresis response
Female [37,91] Indicates good apheresis response

Histological
classification and

localization

Gadolinium positive MRI lesions [43] Indicates good apheresis response
Histological type 1 and 2 pattern [34] Indicates good apheresis response

Histological type 3 pattern [34] Indicates poor apheresis response

Pre-treatment
No disease modifying drugs [43] Indicates good apheresis response

Short duration of disease [41] Indicates good apheresis response

“Neuromyelitis Optica”

Classification Predictor Citation Meaning

Histological
classification and

localization
Isolated myelitis [85] Indicates good apheresis response

Laboratory values Anti-aquaporin-4 IgG positive [12] Indicates good apheresis response

“Mixed”

Classification Predictor Citation Meaning

Apheresis Early initiation [44,60,80,88] Indicates good apheresis response
Clinical signs and

symptoms
Lower baseline scores on the EDSS,

visual outcome, and gait scales [94] * Indicates good apheresis response

Pre-treatment Cumulative corticosteroid doses [44] Irrelevant for apheresis response

10. Therapeutic Efficacy and Time Course

As for the time course of the therapeutic effect, the current literature agrees on regular neurological
follow-ups after 6 months, manifesting a continuous and maximal clinical effect of the apheresis
treatment [41,44,60,80]. Therapeutic effects over such a long period of time suggest immunomodulatory
actions of apheresis rather than antibody removal on its own [95]. Those immunomodulatory actions
happen most likely at the level of Th-cells and CNS-associated proteins, like the myelin basic protein.
The prolonged therapeutic effect can be thought of as a clinical correlate of the immunomodulatory
components of therapeutic apheresis. Furthermore, the duration of the apheresis induced therapeutic
effect can be involved in the treatment process of initiating or changing disease-modifying drugs.

11. Conclusions

The focus of this current issue is the use and comparison of immunoadsorption and plasma
exchange in the treatment of multiple sclerosis with the main concern of acute relapses.

Based on the studies of the current literature and performance of a meta-analysis, including
690 studies, 40 observational and 1 randomized with a total of 1383 patients, plasma exchange and
immunoadsorption are treatment options of equal effectivity for acute glucocorticosteroid-unresponsive
multiple sclerosis relapses.

For the meta-analysis randomized-controlled trials, prospective cohort studies, retrospective
studies, and case series with sufficient information on therapy response of plasma exchange or
immunoadsorption were included. Studies with heterogeneous mixing multiple sclerosis, clinically
isolated syndrome, and/or neuromyelitis optica patients regarding therapy response were not included
if the treatment response was not specified separately in the individual indications.

Plasma exchange has a therapy response of 76.6% in relapsing-remitting multiple sclerosis (RRMS)
and clinically isolated syndrome (CIS), 53.9% in progressive multiple sclerosis (PMS), 71.5% in isolated
optic neuritis, and 72.5% in neuromyelitis optica (NMO). Immunoadsorption (IA) has a therapy
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response of 80.6% in relapsing-remitting multiple sclerosis and clinically isolated syndrome and 100%
in neuromyelitis optica.

Early treatment initiation with a median of 2–3 weeks and a patient age below 50 are considered
to be beneficial regarding a treatment success. In addition to that, a treatment count of 5 to 7 with one
plasma volume is also beneficial for treatment success, whereas patients suffering from progressive
multiple sclerosis have a lower beneficial rate of apheresis therapy. Both immunoadsorption and
plasma exchange have a high safety profile and a high tolerability regarding side effects.

Nevertheless, data situation is too heterogeneous regarding procedures and technical
implementation to be finally assessed.
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Abbreviations

ASFA American society for apheresis
CIS Clinical isolated syndrome
Ig Immunoglobulin
IL Interleukin
IFNγ Interferon gamma
NMO Neuromyelitis optica
MS Multiple Sclerosis
PE Plasma exchange
PPMS Primary-Progressive MS
PRMS Progressive-Relapsing MS
RRMS Relapsing remitting MS
SPMS Secondary-Progressive MS
Th T helper
Treg T regulatory
TNF-α Tumor necrosis factor alpha
VA Visual acuity
VEP Visual evoked potential
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Abstract: Intravenous methyl prednisolone (IVMPS) represents the standard of care for multiple
sclerosis (MS) relapses, but fail to improve symptoms in one quarter of patients. In this regard,
apart from extending steroid treatment to a higher dose, therapeutic plasma exchange (TPE) has been
recognized as a treatment option. The aim of this retrospective, monocentric study was to investigate
the efficacy of TPE versus escalated dosages of IVMPS in refractory MS relapses. An in-depth
medical chart review was performed to identify patients from local databases. Relapse recovery
was stratified as “good/full”, “average” and “worst/no” according to function score development.
In total, 145 patients were analyzed. Good/average/worst recovery at discharge was observed in
60.9%/32.6%/6.5% of TPE versus 15.2%/14.1%/70.7% of IVMPS patients, respectively. A total of
53.5% of IVMPS patients received TPE as rescue treatment and 54.8% then responded satisfactorily.
The multivariable odds ratio (OR) for worst/no recovery was 39.01 (95%–CI: 10.41–146.18; p ≤ 0.001),
favoring administration of TPE as first escalation treatment. The effects were sustained at three-month
follow-ups, as OR for further deterioration was 6.48 (95%–CI: 2.48–16.89; p ≤ 0.001), favoring TPE.
In conclusion, TPE was superior over IVMPS in the amelioration of relapse symptoms at discharge
and follow-up. This study provides class IV evidence supporting the administration of TPE as the
first escalation treatment to steroid-refractory MS relapses.

Keywords: multiple sclerosis; optic neuritis; plasma exchange; relapse; class IV; steroids

1. Introduction

The treatment of acute multiple sclerosis (MS) relapses has remained unaltered for decades.
The use of high-dose short-term intravenous (methyl-) prednisolone (IVMPS; 500–1000 mg per day for
three to five days) is the accepted treatment for relapses [1,2]. Of note, adrenocorticotropic hormone
(ACTH) gel is an alternative for patients who do not tolerate corticosteroids. Moreover, although it
has been suggested that intravenous immunoglobulins (IVIG) may be a therapeutic option if steroids
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are contraindicated, two well conducted randomized controlled trials showed that IVIG as an add-on
treatment with IVMPS did not confer additional benefit [3,4].

Interestingly, around 25% of patients remain with significant disability 14 days after IVMPS
treatment initiation [5]. For these patients, one option is IVMPS treatment escalation (up to 2000 mg daily)
for a further three to five days, as recommended by the national guidelines [2,6]. An alternative option
is therapeutic plasma exchange (TPE), which has been proven effective in one small randomized trial
that showed the superiority of TPE over sham treatment [7]. The effectiveness of TPE has been reported
for all demyelinating disorders of the CNS, including optic neuritis (ON), clinically-isolated syndrome
(CIS) and relapsing-remitting MS (RRMS) [8–10]. Consequently, several guidelines recommend TPE as
an adjunctive treatment for increasing the chances of recovery for steroid-refractory relapses [11,12].
However, most studies evaluating TPE lacked an active comparator (such as escalated IVMPS)
and comprised heterogeneous treatment regimens. Also, patients with demyelinating diseases
other than RRMS were included in the study populations [7–9]. Evidence for IVMPS treatment
escalation is to a large part based on a single study that compared MRI endpoints but not clinical
endpoints [6]. Furthermore, IVMPS treatment escalation exhibited additional, non-genomic effects
in animal models [13]. Robust clinical evidence for the currently recommended treatment sequence
(initiation treatment with IVMPS, first escalation treatment with IVMPS, second escalation treatment
with TPE) is still lacking [6,11,12].

We here analyzed patients with acute relapses of RRMS, CIS or isolated ON who were treated
with escalated IVMPS, TPE, or a combination of both.

2. Experimental Section

2.1. Patients

Between January 2013 and December 2017, all of the in-patients in our department were screened.
We identified patients diagnosed with RRMS, CIS, or isolated ON, who received a full course of
IVMPS (1000 mg daily for five days without an oral taper) as initial treatment (referred to as “initiation
treatment” throughout the manuscript). In a second step, we selected patients who received further
relapse treatments (referred to as “escalation treatment” throughout the manuscript) and reviewed
their medical chart in detail, using a standardized electronic case report form. All patients included in
our analysis were hospitalized in our clinic for both the initiation as well as the escalation treatment.

The inclusion criteria for final analysis were:

(i) established diagnosis of RRMS or CIS according to 2017 revised McDonald criteria [14] or
optic neuritis in absence of any other infectious or inflammatory disease of the CNS (especially
neuromyelitis optica spectrum disorders)

(ii) significant relapse with an increase of the Expanded Disability Status Scale (EDSS) score [15] of at
least 1.0 in MS/CIS patients or a decrease of the best-corrected visual acuity (VA) in patients with
isolated ON in analogy to a decrease of at least 1 according to the visual function system score
(FSS) derived from the EDSS, as inclusion criteria for both initiation and escalation treatment

(iii) escalation therapy with either 2000 mg methylprednisolone per day for five days, five cycles of
therapeutic plasma exchange or a combination thereof following initiation therapy with 1000 mg
per day over 5 days

(iv) completion of escalation treatment within six weeks from relapse onset

Therapeutic plasma exchange was performed with a COM.TEC cell separator (Fresenius Hemo-Care
GmbH, Bad Homburg, Germany). All patients received treatment via central venous catheters every
other day, for a total of five sessions. Per session, one plasma volume was processed, while human
albumin solution (5%) was used for substitution. The blood flow rates were 50–70 mL per min.
All patients underwent regional pre-centrifugal anticoagulation with citrate, followed by post-centrifugal
calcium application. In four cases, the treatment-free interval was extended by another day due to
excessive hypofibrinogenemia.
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Patients with the following criteria were excluded:

(i) pregnancy, as determined by pregnancy test
(ii) diagnosis of other systemic inflammatory disorders within the observation period
(iii) onset of relapse symptoms more than one month prior to initiation treatment with IVMPS
(iv) documentation of a secondary progressive disease course within the observation period

For the patients who received more than one escalation treatment within the observation period,
we only evaluated the first relapse to avoid preselection bias.

2.2. Assessment of Effectiveness

To overcome limitations of the EDSS in depicting acute, relapse-associated disability, we decided
to classify our patients into different response categories. For statistical analysis we applied FSS-based
stratification as proposed by Conway and colleagues, which stratifies treatment responses based on
peak- and recovery-FSS distances into “good/full”, “partial”, or “worst/no” recovery [16]. We show a
modified matrix, as previously used, with outcome stratification in Figure S1 [17]. The outcomes were
evaluated after treatment completion and at follow-up (3 months after discharge).

Relapses were considered as monosymptomatic when Kurtzke’s FSS of the affected system
exceeded the other FSS by at least 1 point. Consequently, if this condition was not given, the relapse
was regarded as polysymptomatic. In this regard, patients that either showed similar relapse FSSs
for pyramidal and cerebellar functions (3 patients) or pyramidal and sensory functions (5 patients),
were assigned to their FSS that was EDSS-defining at follow-up. In addition, 4 patients with spinal
lesions displayed a similar FSS for bowel and bladder function and pyramidal function. These patients
were subjected to the FSS group “pyramidal”, as no patients were identified with bowel and bladder
dysfunction as monosymptomatic relapse.

2.3. Assessment of Safety

We also screened patients’ medical charts for severe adverse events and graded the identified
events according to recommendations made in the “Common Terminology Criteria for Adverse
Events”. The CTCAE classification is as follows: I: asymptomatic testing or mild symptoms without
necessity for specific intervention; II: local or noninvasive intervention indicated; III: severe, but not
immediately life-threatening event, hospitalization or prolongation of hospitalization necessary; IV:
life-threatening event; V: death related to event. The study conduct was ethically approved by the
local institutional review board of the University of Muenster, Germany (2017-298-f-S).

2.4. Statistical Analysis

The continuous variables are presented as median and interquartile range and compared between
groups using a Kruskal–Wallis test. The categorical variables are presented as absolute and relative
frequencies and compared using Fisher’s exact test.

To evaluate the influence of multiple variables on the occurrence and outcome of serious adverse
events, we applied logistic regression. The results are described with odds ratios (OR), the respective
95% confidence intervals (CI), and Wald-test p-values. Either “worst or no treatment response following
first escalation treatment” or “stable course versus further deterioration at follow-up” or “development
of severe adverse events” were used as dependent variables.

All analyses are explorative and should be interpreted accordingly. p-values below 0.05 are
considered significant; no adjustment for multiple testing was applied. Statistical analysis was
conducted with SPSS Version 25 (International Business Machines Corporation (IBM), Armonk, USA).

2.5. Data Availability Statement

Anonymized data will be shared upon request from qualified investigators.
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3. Results

3.1. Patients

Between January 2013 and December 2017, a total of 541 patients received initiation treatment
for MS relapses. Of those, 193 (35.7%) patients were admitted for escalation treatment and all had a
persistent functional deficit as defined above. A total of 127 (65.8%) patients received a second course
of IVMPS as a first escalation treatment, while 66 (34.2%) patients were directly subjected to TPE.
For our final analysis we could include a total of 145 patients: 99 out of 127 patients who received a
second course of IVMPS, and 46 out of 66 patients who were directly subjected to TPE. Of note, 53 out
of 99 (53.5%) patients were subjected to TPE as the second escalation treatment. None of the TPE
patients were re-exposed to increased doses of IVMPS (for consort plot see Figure 1).

 

Figure 1. RRMS in-patients who were treated at the study site between January 2013 and December
2017 are described here. The data focus on those patients who received a full course of intravenous
methyl prednisolone (5 × 1 g IVMPS) as the first escalation treatment after relapse. Patients who
received a lower dosage (e.g., 3 × 1 g IVMPS) were excluded from the primary analysis.

Baseline characteristics of all treatment groups (IVMPS, TPE, and IVMPS + TPE) are shown
in Table 1. Patients who did not receive additional TPE presented with lower peak relapse EDSS
(median: IVMPS: 2.0; TPE: 3.0; IVMPS+TPE: 3.0; p = 0.003). Otherwise, patient characteristics showed
no significant differences. The patients were, on average, young and early in their disease course,
with only one patient being above 60 years old. The median time from retrospectively identified
disease manifestation to current presentation was 1 year, and for 40% of patients it was their first
demyelinating event.
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Table 1. Rescue therapy patient baseline and follow-up characteristics compared between treatment groups.

TPE IVMPS IVMPS+TPE p

Patients, No. 46 46 53 -
Age, yr, median (IQR) 33 (29–45) 36 (27–43) 31.5 (27–41) 0.410 *

Male sex, No. (%) 13 (28.3) 14 (30.4) 14 (26.4) 0.922 #

MS duration, yr, median (IQR)

- since onset 1 (0–3) 1 (0–4) 1 (0–4) 0.574 *
- since diagnosis 0 (0–2) 0 (0–2) 1 (0–3) 0.322 *

Relapses during last two years,
median (IQR)

0.5 (0–1) 0 (0–1) 0 (0–1) 0.765 *

first demyelinating event, No. (%) 19 (41.3) 20 (43.48) 18 (33.96) 0.636 #

Baseline EDSS, median (IQR) 0 (0–1) 0 (0–1) 0 (0–2) 0.397 *
Relapse EDSS, median (IQR) 3 (2–3) 2 (2–3) 3 (2–3) 0.003 *

Affected function system, No. (%)

0.236#

- visual 25 (54.4) 25 (47.2) 19 (41.3)
- pyramidal 4 (8.7) 4 (7.6) 8 (17.4)
- brainstem 8 (17.4) 13 (24.5) 10 (21.8)
- cerebellar 3 (6.5) 7 (13.2) 1 (2.2)
- sensory 6 (13.0) 3 (5.7) 8 (17.4)
- cerebral 0 (0.0) 1 (1.9) 0 (0.0)

Time to initiation treatment, d,
median (IQR)

3 (1–7) 3 (1–5.25) 3 (1–5) 0.650*

Time to escalation treatment, d,
median (IQR)

12.5
(8.75–16)

12
(10–15.25) 11 (8.5–14) 0.087*

Patient baseline characteristics compared between the different treatment groups. No.: Number; yr.: years; IQR:
interquartile range. * Significance levels were calculated using a Kruskal–Wallis test. # Significance levels were
calculated using Fisher’s exact test.

One hundred and thirty-two patients fulfilled the 2017 revised McDonald criteria for the diagnosis
of RRMS at relapse onset, whereas eight patients presented with isolated optic neuritis and five patients
fulfilled the criteria for CIS. There were no differences in distribution between escalation treatment
groups (p = 0.756).

Accordingly, the majority of patients did not receive disease modifying treatment (DMT) at relapse
onset (62.1%). The treatment approved for mild to moderate courses of RRMS was administered to
22.8% of patients, whereas 15.2% received substances approved for the treatment of active RRMS
(for a detailed description of administered DMT, see Table S1). The DMT subset use was evenly
distributed between groups (p = 0.793). In 137 out of 145 patients the relapse was considered
monosymptomatic. The most common relapse presentation was optic neuritis (69 patients; 47.6%).
Generally, the frequencies of affected functional systems did not differ significantly between treatment
groups (p = 0.236). Polysymptomatic relapses occurred in eight patients with infratentorial or spinal
lesions and were assigned as outlined in the methods, according to their FSS that was EDSS-defining
at follow-up.

3.2. Immediate Effects of Escalation Treatment

According to the previously described FSS-distance related analysis matrix, 28 (60.9%) patients
showed good/full recovery following TPE, while 15 (15.2%) patients showed good/full recovery
following escalation treatment with IVMPS. Partial recovery was observed in 12 (32.6%) TPE treated
patients and in 15 (15.2%) IVMPS treated patients. Finally, no or worst recovery was documented in three
(6.5%) TPE treated patients and in 69 (69.7%) IVMPS treated patients (p < 0.001, see Figure 2A). Next,
53 (53.5%) patients underwent rescue therapy with TPE following IVMPS, whereas the other patients
received no further treatment prior to discharge irrespective of their response. Precise information on
why no further treatment was given was not always available; patients’ refusal of apheresis treatment
was documented as reason in at least eight cases.
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Figure 2. Different response groups following escalation treatment regimens are illustrated (green: good
response; yellow: average response; red: worst response). (A) Upper bar represents patients who
received IVMPS as the first escalation treatment (n = 99). Lower bar represents patients who received
TPE as the first escalation treatment (n = 46). (B) Subgroup of patients who received two courses of
escalation treatment (n = 53). Upper bar shows treatment response after first escalation with IVMPS
and lower bar represents results following second escalation with TPE.

After the second escalation treatment with TPE, 25 (47.2%) patients showed a full response and
17 (32.1%) patients remitted partially, while 11 (20.7%) patients were unresponsive to the treatment
(see Figure 2B). We performed regression analyses in order to evaluate the possible confounders and to
check whether the higher proportion of treatment-resistant patients following IVMPS+TPE versus
TPE alone was systematically influenced by different factors/confounders. Logistic regression analysis
included “sex”, “age”, “affected function system (visual vs. other)”, “disease duration”, “baseline
EDSS”, and “time to treatment initiation”. The adjusted odds ratio for “worst/no” treatment response
was 39.01 (95%–CI: 10.42–142.71; p<0.001), favoring TPE treatment as the first escalation treatment
(for full regression model see Table S2).

3.3. Sustained Effects of Escalation Treatment

Most patients were revisited at our outpatient clinic three months after discharge in order to
re-evaluate the outcomes of relapse treatment and to initiate immunomodulatory treatment. A total
of 135 (93.1%) patients were evaluated, with no significant differences between groups in terms of
attendance (IVMPS: 93.0%; TPE: 90.5%; IVMPS+TPE: 91.8%; p = 1.000). The median follow-up duration
was 95.5 days (IQR: 86–112), with again no relevant differences between treatment groups (p = 0.379).
Eight patients reported further relapses with symptoms distinct from previous ones (6 patients/IVMPS
group, one patient/TPE group, and one patient/IVMPS+TPE group); and three of these relapses affected
the same functional system (optic nerve: two; brainstem: one; onset 53, 64, and 82 days after discharge,
respectively). After excluding these patients, we re-evaluated the FSS according to the Conway model.
In the IVMPS group, we found a significantly larger proportion of deteriorating patients (41.9%;
vs. 12.2% for IVMPS+TPE and 7.1% for TPE; p = 0.001). The multivariable odds ratio for further
deterioration of relapse symptoms at follow-up was 6.65, favoring the conduction of TPE (95%–CI:
2.52–17.54; p<0.001; for full regression model see Table S3).

3.4. Safety

Out of 145 patients, 116 (80.0%) experienced at least one single adverse event (Table 2).
IVMPS treatment was frequently associated with hypertension, hyperglycemia, and hypokalemia,
making it necessary to regularly substitute potassium (orally). Temporary insulin treatment was
necessary in 14 patients (IVMPS: 6; IVMPS+TPE: 8; TPE: 0). Conversely, coagulopathy was associated
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with apheresis treatment. However, those events were mostly considered ◦II according to CTCAE.
Infections were observed more often in patients who received two courses of IVMPS and among those,
four were considered CTCAE ◦III due to the prolongation of hospitalization. In particular, one case
of central venous catheter-associated septicemia required 14 days of vancomycin treatment until full
recovery. Hypotension and coagulopathy each resulted in at least one treatment interruption in 28
TPE treated patients, whereas treatment interruption due to hypertension occurred in two IVMPS
treated patients (systolic blood pressure>180mmHg each). Notably, we observed thromboembolic
events in four out of the 99 patients exposed to escalated IVMPS, including one case of cerebral venous
sinus thrombosis.

Table 2. Overview of documented adverse events during hospitalization.

TPE
(n = 46)

IVMPS
(n = 46)

IVMPS+TPE
(n = 53)

Hypertension (>135 mmHg SBP) 1 (2.2) 11 (19.6) 17 (32.1)
Hyperglycemia (>7.2 mmol/L) 1 (2.2) 20 (43.5) 32 (60.4)
Hypokalemia (<3.5 mmol/L) 4 (8.7) 29 (63.0) 43 (81.1)
Coagulopathy (aPTT>50 s or

INR>1.7)
16 (34.8) 2 (4.4) 14 (32.1)

Thrombosis

- Cerebral venous sinus - - 1 (1.9)

- Femoral veins - 1 (2.2) 1 (1.9)

- Jugular veins/CVC - - 1 (1.9)

Infection

- Thrombophlebitis 1 (2.2) 3 (6.6) 1 (1.9)
- Urinary Tract 4 (8.7) 8 (17.6) 9 (17.0)

- Respiratory Tract - 2 (4.4) 1 (1.9)

- CVC infection/septicemia - - 1 (1.9)

(Temporary) treatment
interruption

- Coagulopathy 4 (8.7) - 7 (13.2)

- Hypotension 5 (10.9) - 7 (13.2)

- Hypertension - 1 (2.2) 1 (1.9)

- Psychosis - 2 (4.4) -
- CVC dislocation 1 (2.2) - 2 (3.8)

Pneumothorax 1 (2.2) - -
Patients with at least 1 event 29 (63.0) 38 (82.6) 49 (92.5)

Overview of adverse events documented during hospital stay. Numbers in brackets represent percentages. Numbers
in bold indicate CTCAE ◦III events. TPE: therapeutic plasma exchange, IVMPS: intravenous (methyl-) prednisolone,
SBP: systolic blood pressure; aPTT: activated partial thromboplastin time; INR: international normalized ratio; CVC:
central venous catheter.

We evaluated whether the amount of previously administered IVMPS (initiation treatment with
IVMPS and first escalation treatment with TPE vs. initiation and first escalation treatment with IVMPS
and second escalation treatment with TPE) influenced the risk for serious adverse events (defined as
CTCAE ◦III) during TPE treatment. The model resulted in an adjusted odds ratio of 4.63, favoring early
treatment with TPE (95%–CI: 1.35–15.91; p = 0.015). However, severe adverse events were also more
abundant in patients with longer disease duration, higher baseline EDSS, or longer time to treatment
initiation (for full regression model see Table S4).

4. Discussion

Several studies have documented the beneficial effects of TPE treatment in acute relapsing MS,
but virtually all study designs suffered from significant limitations. Studies were either one-armed,
had varying treatment regimens, or consisted of a heterogeneous study population in terms of
age, pre-treatment, disability, and disease subgroups (CIS, RRMS, and ON; but also neuromyelitis
optica-spectrum disorders and other non-specified entities of CNS-demyelination) [8,9,18,19].
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Moreover, a relevant proportion of studies on apheresis treatment solely included ON patients
and only a few studies with diverse RRMS patient populations described the affected function
systems or acute lesion localization in detail. Consequently, next to escalated IVMPS, the international
guidelines recommend TPE as one option for treatment escalation following relapse, while refraining
from recommending a specific treatment sequence [11].

Our retrospective cohort is well-defined and representative of more than 500 MS in-patients treated
for acute relapses in our hospital within the past 5 years. These MS patients were young and mostly
at the beginning of their symptomatic phase and therefore of special interest. Effective therapeutic
interventions in this early phase of MS may positively influence long-term outcomes, as both relapse
frequency and residual disability can be significantly impacted [20,21].

In our cohort, early apheresis treatment resulted in significantly higher response rates compared
to escalation treatment with IVMPS. Interestingly, patients who underwent two courses of IVMPS
prior to TPE showed poorer response at discharge compared to patients who only had one course of
IVMPS prior to TPE. One explanation could be the longer time to apheresis treatment when conducted
as the second instead of as the first escalation treatment. Notably, previous studies recommended the
initiation of apheresis no later than six weeks after relapse onset in order to allow for the maximum
efficacy of TPE, and all patients in this study were below this threshold [22–24]. We also hypothesize
that the restitution of blood–brain barrier function, as induced by excessive doses of corticosteroids,
might hamper the drainage of immunoglobulins and further inflammatory factors towards the blood,
where they are ultimately cleared by TPE [25]. Ultimately, MS lesion pathology could have differed
between patient groups. A so-called “type-2 lesion pattern”, which is defined by the presence of
immunoglobulins within MS lesions, was identified as a strong predictor for the success of TPE [24].
However, this information is usually not available in clinical routines and markers that have been
supposed to be associated therewith, such as the presence of ring-enhancing lesions, could not be
evaluated here, as MRI data were not regularly available.

As revealed by follow-up data three months after discharge, patients who underwent apheresis
treatment exhibit a lower risk for further deterioration, which is in accordance with a previous report [22].
A likely explanation is the higher capacity of apheresis treatment to stop neuroinflammation and
consecutive neuroaxonal degeneration, while IVMPS reverts the conduction block but fails to prevent
nerve cell death [26]. This hypothesis is supported by the higher frequency of new relapses in patients
who did not receive apheresis treatment, although in the short- and mid-term IVMPS treatment has
been associated with a reduction in relapse frequency [27]. However, treatment outcomes after three
months were supposed to be representative of long-term residuals, as further recovery was less likely
beyond this time point in previous studies [28].

In terms of safety, there are some disadvantages of combining escalated IVMPS and TPE. Patients
are exposed to high doses of IVMPS, including all the possible side- effects, without having a
demonstrable benefit compared to TPE treatment alone. In line with this; we observed a significant
increase of complications for the IVMPS escalation group, including several serious adverse events
such as thromboembolism or severe infections.

As is typical for retrospective analyses, potentially unknown confounders that might have guided
treatment decisions, such as the personal preferences of the treating consultant as well as the patient,
health behaviors, comorbidity and MRI characteristics, challenge our study. In this context, we are not
able to retrospectively address the criteria underlying the decision to treat a patient with TPE directly
in the first escalation, rather than with escalated doses of IVMPS. Moreover, we have to deal with
several limitations, such as bias from the selection and availability of data, recall bias, choice of relevant
outcome and the methods of analysis. Furthermore, we have to be aware of limitations concerning the
validity of our findings, as it is likely that adverse events are probably underestimated, since it was not
known that this information was going to be of interest.

However, a large number of patients in our cohort experienced their first demyelinating event
and we analyzed only the first relapse per patient, even though intra-individual differences in
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steroid-responsiveness over time have recently been described [29]. Furthermore, the previously
known poor response to steroids used for relapse treatment was not documented anywhere in our
medical charts.

In summary, our study found particular advantages of TPE over escalated IVMPS in escalation
treatment of MS relapses. We recommend the rapid admission of steroid-refractory patients to apheresis
treatment without escalated IVMPS treatment and identify the need to prospectively evaluate this
approach in a contemporary patient cohort.
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Abstract: Almost every kind of inflammation in the human body is accompanied by rising C-reactive
protein (CRP) concentrations. This can include bacterial and viral infection, chronic inflammation and
so-called sterile inflammation triggered by (internal) acute tissue injury. CRP is part of the ancient
humoral immune response and secreted into the circulation by the liver upon respective stimuli.
Its main immunological functions are the opsonization of biological particles (bacteria and dead
or dying cells) for their clearance by macrophages and the activation of the classical complement
pathway. This not only helps to eliminate pathogens and dead cells, which is very useful in any case,
but unfortunately also to remove only slightly damaged or inactive human cells that may potentially
regenerate with more CRP-free time. CRP action severely aggravates the extent of tissue damage
during the acute phase response after an acute injury and therefore negatively affects clinical outcome.
CRP is therefore a promising therapeutic target to rescue energy-deprived tissue either caused by
ischemic injury (e.g., myocardial infarction and stroke) or by an overcompensating immune reaction
occurring in acute inflammation (e.g., pancreatitis) or systemic inflammatory response syndrome
(SIRS; e.g., after transplantation or surgery). Selective CRP apheresis can remove circulating CRP
safely and efficiently. We explain the pathophysiological reasoning behind therapeutic CRP apheresis
and summarize the broad span of indications in which its application could be beneficial with a focus
on ischemic stroke as well as the results of this therapeutic approach after myocardial infarction.
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1. General Introduction

Inflammatory processes involve a plethora of signaling pathways and affect the whole body, even if
their origin is most often locally restricted in an acute setting. Mounting an inflammatory response is
the body’s strategy to primarily eliminate any cause of tissue damage and subsequently repair the
injury [1]. This is rooted in the evolutionary background that damage is mainly caused by pathogens
or at least exacerbated by them within an external wound. In this case the elicited inflammation is
beneficial in fighting infiltrating bacteria or viruses as well as restoring tissue homeostasis. However,
healing of injured tissue often happens at the cost of still healthy tissue/cells and involves additional
cell death as collateral damage [2]. In specific situations, these negative effects outweigh the positive
aspects of the inflammatory reaction. Whenever an injury is “sterile”, meaning it occurred internally
without pathogen involvement, inflammation aggravates deterioration by elimination of additional
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cells, which were either vital or only slightly and reversibly impaired. This happens for example
after ischemic injury like stroke or myocardial infarction, leading to a larger extent of organ damage,
increased scarring and thereby worsening clinical outcome [3,4]. Likewise, negative effects dominate
in situations when the immune system produces an excessive general reaction that is not justified by
the trigger [5]. For example, during acute pancreatitis, a systemic inflammatory response syndrome
(SIRS), or an acute bacterial or viral infection (Sepsis) the inflammation might cause widespread tissue
injury, which might result in multiple organ failure [6].

Although a plentitude of proteins is involved in inflammation, many of them are cytokines or
modulators that do not actively participate in the elimination of pathogens or cells [1]. Several mediator
proteins play a key role.

One of the acute-phase mediators directly involved in these pro-inflammatory processes is
C-reactive protein (CRP) which was discovered by Tillett and Francis in 1930 [7]. CRP is well-established
as one of the most reliable markers of inflammation, rising dramatically during any type of inflammation.
It has been shown that CRP as an inflammatory mediator not only reflects tissue damage, but also
aggravates the severity of damage and contributes causally to course and outcome of various diseases [8].
Therefore, CRP has to be regarded not only as a marker, but also as an active pro-inflammatory protein.

2. Role of CRP

CRP is a sensitive, reliable and early indicator of inflammation and infection. Evolutionarily
highly conserved, this pentameric molecule is part of the ancient humoral immune response and
involved in various immunological pathways as a key mediator [9,10]. It is predominantly synthesized
and secreted into the blood circulation by hepatic cells as a response to trauma, inflammation,
or infection. In these situations, the proinflammatory cytokines interleukin 6 (IL-6) and, to a lesser
extent, interleukin 1β (IL-1β) as well as tumor necrosis factor @(TNF@) induce CRP expression on the
transcriptional level [11–14]. Following an acute phase stimulus, serum CRP values increase up to
levels a few thousand times higher than the normal (healthy) concentration of human CRP (0.05 to
3000 mg/L) [15,16]. The half-life in plasma is about 19 h [17,18].

After secretion, CRP efficiently detects and opsonizes bacteria upon their infiltration and initiates
their phagocytosis by activation of complement [19,20]. This is probably its original purpose as one of
the most ancient proteins within the humoral immune system.

However, CRP also detects and binds to endogenous cells [21,22]. Cells, which are either apoptotic,
energy-depleted, or simply exposed to stressors like the acidic and often ischemic environment of
inflammation display conformational and biochemical changes of their membrane [23]. One of
these changes is the formation of lyso-phosphatidylcholine (LPC) by partial hydrolyzation of
phosphatidylcholine (PC). To this end, one of its two fatty acid groups is removed by the secretory
phospholipase A2 type IIa (sPLA2 IIa) [24,25]. This phospholipase is secreted and activated by
inflammation (IL-6) and marks the beginning of detrimental destruction of still viable tissue after e.g.,
ischemia [26–29]. LPC is thereby accessible in the plasma membrane of dead, damaged, or inflamed
cells. The CRP pentamer binds to LPC with high avidity in a so-called cooperative manner and
subsequently mediates the elimination of these cells, similarly to infiltrating pathogens, by activating
the classical complement pathway [30–35]. Complement C1q binds to CRP directly and mediates the
binding of C2–C4 [36]. Thus, these cells are irreversibly marked for phagocytes which dispose the
marked cells. Phagocytes in turn secrete IL-6 which induces the synthesis of additional CRP by the
liver, subsequently amplifying the immune response. This way, more cells become marked by CRP
(Figure 1).

Importantly, this mechanism facilitates binding of CRP to actually still vital cells, which may
potentially regenerate with more CRP-free time. By interacting with complement, CRP triggers the
destruction and therefore negatively affects the regeneration of tissue. By now, a large body of data
obtained from animal experiments demonstrates that this CRP-mediated mechanism plays an active
role in exacerbating ischemia and reperfusion-induced damage [37–43].
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Figure 1. Molecular pathomechanism of CRP-mediated tissue damage. Upon inflammation or
acute oxygen-deprivation, cells display a dramatic shortage of adenosine triphosphate (ATP). ATP is
essential to prevent apoptosis which manifests in the outer cell membrane: Phosphatidylcholine
(PC) is converted into lyso-phosphatidylcholine (LPC) by phospholipase (sPLA2 IIa). Due to the
lack of ATP, this alteration cannot be reversed. CRP subsequently binds to LPC on anaerobic cells
and recruits complement factors (C1q-C4). These opsonized cells will be disposed by phagocytes,
which in turn induce CRP synthesis. Without CRP or in situations with low CRP concentrations
(e.g., after CRP apheresis), energy deprived-cells are spared and may switch back to aerobic
metabolism, repair molecular changes and revitalize again, leading to an overall reduced tissue
damage [41,43–45]. CRP C-reactive protein; C1q Complement component 1q; IL-6 Interleukin 6; LPC
Lysophosphatidylcholine; PC Phosphatidylcholine; sPLA2 IIa secretory phospholipase A2 type IIa.

On the molecular level it is not fully elucidated yet whether pro-inflammatory signaling is mediated
by the pentameric, native form of CRP, or if CRP dissociates into its non-covalently bound monomers
upon binding to LPC, which then exhibit novel binding capacities and other specific functions [46–48].
Publications which described anti-inflammatory actions of pentameric CRP hypothesized that CRP
switches functions by undergoing structural changes. Although various quaternary structures of CRP
are still not well proven in the physiological context, it might well be possible that CRP monomers exist
in specific inflammatory microenvironments and represent different stages of inflammation [47,49].
It has been clearly shown that CRP is secreted in its native, pentameric form by the liver and-if at all-only
dissociates locally within inflamed tissue. Hence, therapeutic interventions are more efficient targeting
pentameric CRP as high circulating levels are the actual source for its detrimental action [50,51].
Its known physiological function is the disposal of cells (bacteria, necrotic and apoptotic cells).

To date, no pharmacologic inhibitor of inflammation has been proven to be successful in
ischemia-related injuries, since they all featured unfavorable pharmacokinetic profiles or serious side
effects. Therefore, a different strategy is needed to target the detrimental inflammatory response [43,52].
Specifically, targeting avoidable organ damage caused by the action of CRP represents a promising
therapeutic option [43,53]. Decreasing CRP levels could potentially protect salvageable cells and
give them more time to recover. Therefore, removing CRP from the blood circulation interrupts the

115



J. Clin. Med. 2020, 9, 2947

innate cascade and reduces tissue damage [44]. Accordingly, CRP apheresis may potentially present a
promising, highly efficient, and well-tolerated therapeutic option.

3. CRP Apheresis

Extracorporeal apheresis refers to the physical removal of substances from the blood by means
of filtration, precipitation or adsorption. Immunoadsorption defines the specific binding of an
immunologic protein by an adsorber matrix. The elimination of pathogenic substances from the blood
in extracorporeal apheresis constitutes an established therapeutic measure in the clinical routine of
numerous diseases.

The CRP adsorber system (PentraSorb® CRP, Pentracor GmbH, Hennigsdorf, Germany) features
an agarose-based resin, which contains a phosphocholine-derivative as ligand for CRP and is thereby
capable of selectively depleting CRP from blood plasma with an efficiency of up to 94% (under
laboratory conditions) [54]. The adsorber is regenerable and can be used up to a maximum cumulative
treatment time of 24 h (contact with human plasma ≤24 h, according to CE license). In between
treatments the adsorber has to be stored in sodium azide at 2–8 ◦C. CRP apheresis is executed in cycles,
alternating between loading of the adsorber with plasma and regeneration of the column, that follows
a fixed sequence of washing solutions. Loading and washing are controlled by a software module
for automatic plasma flow management (ADAsorb, medicap clinic GmbH, Ulrichstein, Germany;
Figure 2). Blood can be drawn via central or peripheral venous access (cubital veins). Plasma separation
is performed by a blood centrifuge and blood is anti-coagulated 1:15 with citrate buffer (ACD-A;
3% citrate) or heparin. The usual plasma flow through the adsorber is between 25 to 35 mL/min. Blood
flow ranges between 40 and 65 mL/min.

 
Figure 2. Schematic illustration of CRP apheresis. The procedure is described in detail by Ries et al.
2019 [45].

During one treatment, 6000 mL of plasma are usually processed in 12 cycles. A continuous
monitoring of vital parameters, blood pressure and heart rate has to be carried out. Processing of
6000 mL blood plasma takes 4–5 h, depending on the blood flow. Patients can be treated an infinite
amount of times with CRP apheresis, as the blood loss is only minimal. Depending on CRP level and
indication, two to ten treatments on consecutive days are performed. So far, no side-effects have been
reported [45,55–57].

The main advantages of CRP apheresis are the selective removal of the agent by the highly specific
ligand and the good controllability of the process, since unlimited plasma volumes can be processed to
achieve the desired CRP reduction. Drugs are not removed by CRP apheresis.
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4. CRP Apheresis after Ischemic Tissue Damage

The extent of tissue damage during and after an acute traumatic incident defines outcome and
follow-up health. Ischemic lesions, predominantly acute myocardial infarction (AMI) and ischemic
stroke, generate initial organ damage in the acute zone by cell death due to oxygen deprivation and
its magnitude is primarily determined by its duration [58]. Further, neighboring cells which are
deprived of oxygen for a shorter duration or to a lesser extent are damaged but salvageable and
constitute the area at risk (AMI) or penumbra (stroke) [58,59]. The first line of therapy constitutes the
restoration of blood flow to limit the initial ischemic injury. This reperfusion, even though essential to
decrease mortality and morbidity, is attended by an intense and maladaptive immune response, which
augments and accelerates the organ damage and includes the still viable but damaged tissue [60,61].
The elimination of salvageable cells by CRP through this mechanism mediates reperfusion injury
and critically contributes to the already existing deterioration [62,63]. CRP apheresis aims to remove
circulating CRP after AMI and ischemic stroke in order to reduce acute tissue injury and ischemic
reperfusion injury.

4.1. Myocardial Infarction

Patients who recover from AMI often suffer from reduced quality of life and very high risk of
severe complications later on (e.g., second infarct), which implies a huge burden for the health system.
This risk correlates significantly with the extent of myocardial injury and scarring [64,65].

It has long been established that inflammation especially mediated by the innate immune
system extends myocardial injury, however, anti-inflammatory strategies to minimize myocardial
necrosis have failed so far, maybe because these processes are also needed for healing and cardiac
repair [3,4,52,66]. While baseline CRP levels in the healthy state are established as predictor of the
incidence of cardiovascular disease [67–69], serum CRP concentration during and after AMI correlates
with clinical outcome [16,17,70–74]. It is well known that high peak CRP levels during the acute phase
response after AMI correlate with larger infarct size and higher mortality as well as incidence of major
adverse events [17,74,75]. This has been described for more than two decades now and is in line with
the described pathological function of CRP, eliminating cells in the area at risk [8,23,76]. This area
contains cells, which could partially recover after revascularization and reperfusion, but are finally
destroyed by immune-mediated mechanisms, as explained above and shown in detail in numerous
experimental approaches focusing specifically on AMI [39,40,63,70,77,78]. Targeting CRP in AMI
has therefore been proposed previously, but was never achieved due to non-functioning therapeutic
approaches [43,79–81].

Preclinical studies on the efficacy of specific extracorporeal depletion of CRP have been successfully
performed in a porcine animal model of AMI [41,42]. In this study, a mean reduction of CRP levels by
about 50%, a significant reduction of the infarct size and a stabilization of the ejection fraction was
observed. Interestingly, a completely different scar morphology was detected in animals after CRP
apheresis compared to controls [41]. A smaller scar tissue and more vital heart muscle reflected the
efficacy of this treatment strategy (Figure 3, previously published and taken from [41]). AMI was
therefore selected as indication for the first clinical trial of CRP apheresis. CRP apheresis was applied
in patients with ST-elevation myocardial infarction (STEMI) (CAMI-1 trial: “Selective depletion of
C-reactive protein by therapeutic apheresis (CRP apheresis) in acute myocardial infarction”, DRKS
ID: DRKS00008988). Just recently, this multi-center clinical trial has been finished and first data were
shown in Case reports and a publication describing 13 patients as a preliminary report [44,45,55,56].
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Figure 3. Porcine Heart Slices after AMI with and without CRP apheresis. Slices of the left ventricle
14 days after AMI. Slices were generated after an Evans Blue staining of the heart. Circles localize a
characteristic transmural scar of a control animals (left) versus spotted scar morphology after CRP
apheresis (right). Figure previously published and taken from [41].

The CAMI-1 trial tested the hypothesis whether specific depletion of CRP by CRP apheresis can
reduce myocardial infarct size in humans. Endpoints were safety, myocardial infarct size and function
as well as CRP concentration in patients with acute STEMI. A total of 83 patients were recruited at 8
study centers. Plasma CRP levels were reduced by approximately 60% over all performed apheresis
procedures in the CAMI-1 trial. Treatments were safe and well tolerated. There were no serious
adverse effects associated with the treatment [45]. The magnitude of increase of CRP concentration
during the acute phase response after STEMI correlated significantly with the infarct size in control
patients. Patients with similar initial CRP increase, who subsequently underwent CRP apheresis,
showed smaller infarct sizes as well as improved left ventricular function and wall motion (strains)
compared to control patients (unpublished data-submitted). Currently, a CAMI-1 registry is on-going,
collecting more data (DRKS00017481) [44].

4.2. Ischemic Stroke

Stroke is the third most frequent cause of death and the leading cause of serious, long-term
disability worldwide. This disease has a tremendous personal, familiar and socioeconomic impact.
More than 80% of patients suffer from ischemic stroke [82]. To date, restoring rapid reperfusion
of the brain constitutes the only established therapeutic strategy to reduce the size of the infarct
and the consequences of the disease [83]. However, similar mechanisms to AMI take place and
inflammation plays an important role in various stages of ischemic stroke, because several humoral and
cellular mechanisms are set in motion by the occlusion and subsequent therapeutic reperfusion [84,85].
These mechanisms may explain why some patients with ischemic stroke suffer from severe neurological
symptoms despite early and successful recanalization. Several findings substantiate the hypothesis
that CRP plays a similar pathological role as shown in AMI, facilitating the elimination of energetically
challenged and compromised cells in the penumbra.

First, various publications have shown an association between the early inflammatory response
after ischemic stroke and the clinical outcome. The early inflammatory response after stroke has
been identified as a key prognostic factor [86,87]. Patients with favorable clinical outcome feature
significantly lower levels of inflammatory parameters, especially CRP, compared to patients with
poor outcome. Previous studies have described an association between high CRP values after acute
stroke and negative prognosis [88–91]. Muir et al. have shown that CRP levels measured within 72 h
after stroke predict mortality over an observation period of up to 4 years [92]. According to Winbek
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et al., CRP levels 24 and 48 h after onset of symptoms affect prognosis, but not their concentration at
admission [87]. In another stroke study, patients who died during the study period had significantly
higher CRP levels at admission compared to survivors and CRP levels correlated with the clinical
outcome after 3 months follow-up [86]. Further, studies in a rat animal model have shown that infusion
of human CRP enlarges cerebral infarct areas after acute occlusion via a complement-dependent
mechanism [37].

Based on this background, a clinical trial investigating selective CRP apheresis after ischemic stroke
was initiated (CASTRO1 trial: “Selective Depletion of C-reactive Protein by Therapeutic Apheresis
(CRP-apheresis) in Ischemic Stroke”, ID: NCT0441723). The CASTRO trial is designed as a randomized,
controlled, multicentric interventional pilot trial. The aim of the CASTRO trial is to evaluate if CRP
apheresis can be applied safely in patients with ischemic stroke and efficiently lower the CRP level.
Therefore, the primary endpoint is the type and frequency of adverse events and serious adverse
events after apheresis. In addition, potential effects of CRP apheresis on clinical outcome parameters
(cognitive measures, infarct volume, laboratory parameters) will be investigated.

Participants for this trial need to have an ischemic stroke with or without intravenous lysis and
recanalization therapy. The National Institutes of Health Stroke Scale (NIHSS) has to be between
1–24 in order to exclude patients with severe, potentially complicated disease courses. CRP needs to
increase ≥5 mg/L within 72 h after the incident and/or serum CRP concentration needs to be larger
than 10 mg/L. We aim to include 20 patients which are 1:1 randomly assigned to either the control
group (standard guideline therapy) or CRP apheresis in addition to the standard guideline therapy.
The standard therapy of acute ischemic stroke is carried out according to the guidelines of the European
Academy of Neurology [93].

Exclusion criteria are severe dysphagia (risk of aspiration pneumonia), clinical or laboratory
evidence of systemic infection, contraindications against apheresis, Modified Rankin Scale (mRS)
before index event ≥ 3, intracranial hemorrhage, epileptic seizure in the context of the acute event,
pregnancy, and lactation. Treatment and study regime will be implemented into the clinical standard
diagnostic and therapeutic regime after stroke. Since CRP levels begin to rise approximately 8 h after
the ischemic incident and reach their peak after 24 h, the first CRP apheresis will be carried out within
72 h after onset of symptoms. Therefore, CRP apheresis will not delay acute guideline therapies of
stroke, such as intravenous lysis and intraarterial thrombectomy. The complete study flow is illustrated
in Figure 4.

To investigate whether CRP apheresis improves clinical outcome parameters after ischemic stroke,
patients will undergo assessments according to standardized clinical scales, namely National Institute
of Health Stroke Scale (NIHSS) score, Barthel ADL index (BI), modified Rankin scale (mRS) and
measurements of infarct volume (via magnetic resonance imaging; MRI). In addition, immunological
and neurodegenerative biomarkers (interleukin-6, serum amyloid A) will be evaluated to objectify
a potential beneficial effect of CRP apheresis on inflammatory pathways. Measurements of primary
and secondary outcome parameters will be performed at baseline (before first apheresis), daily during
apheresis, and 90 days after stroke.

Immunoadsorption with the PentraSorb® CRP is performed with the ADAsorb apheresis device
as described in detail in 3. CRP apheresis is performed for a maximum amount of three times (three
days) or until CRP concentration is below 10 mg/L.
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Screening of patients after primary therapy 
(Review of inclusion and exclusion criteria) 

Information of the study participants, informed consent (study inclusion) 
 

Assessment of the scores 
(NIHSS, mRS) 

 
Applying Shaldon Catheter 

 
1st CRP apheresis 

(start max. 72 h after onset of symptoms) 
 

possibly 2nd and 3rd CRP apheresis, if CRP > 10 mg/L 
(24 ± 12 h after the start of the previous apheresis) 

 
Determination of CRP and biomarker 

(until 5 days post insult) 
 

Assessment of the scores 
(6 ± 3 days post insult, NIHSS, mRS, Barthel index) 

1st MRI 
 

Assessment of the scores 
(12 ± 2 weeks post insult, NIHSS, mRS, Barthel index) 

2nd MRI 

Figure 4. Study flow of the CASTRO1 trial. MRI magnetic resonance imaging; NIHSS National Institute
of Health Stroke Scale; mRs modified Rankin scale.

5. CRP Apheresis in Other Indications

Both AMI and ischemic stroke feature a common underlying pathophysiology and the therapeutic
application and benefit after AMI has been already shown. However, reduction of dramatically high
CRP concentrations in other indications which are not defined by an ischemic pathophysiology could
also be beneficial. The overcompensating immune reaction which often triggers SIRS after surgery,
causes detrimental deterioration during acute pancreatitis, or mediates a cytokine storm after infection,
could be dampened with CRP apheresis. Therefore, clinical trials investigating the safety and efficacy
of CRP apheresis during pancreatitis and after coronary bypass surgery are ongoing (CAPRI1-study
DRKS00014265; CABY1-study DRKS00013012). Further, first patients suffering from Covid-19 have
been treated with CRP apheresis in order to inhibit the CRP-mediated autoimmune response leading
to respiratory failure and multi-organ failure [57,94].

6. Conclusions and Outlook

CRP has been established as a general biomarker of inflammation and infection in clinical practice.
Recently, its role as a stable and highly useful prognostic factor for cardiovascular and cerebral disease in
healthy individuals has been widely acknowledged and utilized [95,96]. However, the characterization
of CRP as not only a biomarker but also a mediator or even trigger of immunological destruction of
tissue is widely ignored [8,37,39].
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Therapeutic CRP removal by immunoadsorption might present a logical and promising therapy
for pathologies in which the extent of tissue damage is aggravated by inflammation and correlated
with a worse clinical outcome, including ischemic events.

CRP apheresis has been applied successfully in a controlled multi-center trial in patients with
myocardial infarction (CAMI-1 trial). It showed very few and only moderate side effects and managed
to significantly reduce CRP levels, thereby positively affecting infarct size and left ventricular ejection
fraction [44,45,55,56]. Applying CRP apheresis in ischemic stroke is the next plausible step. However,
the immunological situation in the brain is different. Neurons have a low tolerance to oxidative
stress, and the physiologically important blood-brain-barrier may impair the effectiveness of this
method [97–99].

The CASTRO study will show whether CRP apheresis can be safely performed in patients with
ischemic stroke and also provide preliminary results whether reducing the concentration of serum
CRP levels facilitates reduction of tissue damage of the brain, consequently improving clinical outcome
measures compared to the control group.

Other anti-inflammatory therapies have been investigated in AMI and ischemic stroke, such as
colchicine [100], anti-CD18 agents [101] and agents targeting IL-1 or IL-6 [102–104]. CRP removal
intends to stop the destruction of tissue already during the acute event. Furthermore, targeting
specifically and selectively CRP may constitute a superior choice because it does not cause a pleiotropic
effect. The maximum removal of CRP in patients was 79% by now. This leaves enough CRP for
potential repair processes. Importantly, cardiac or neural repair is not impaired by the intervention
as opposed to former pharmacological interventions like the methylprednisolone trial in myocardial
infarction which resulted in a catastrophic outcome [105].

Preliminary evidence suggests that CRP apheresis induces very few side effects and features a low
risk profile [45]. One drawback is that the procedure takes relatively long. Nevertheless, CRP apheresis
fits well into the management of stroke patients because it does not collide with acute measures and
may therefore complement methods aiming at reperfusion.

The acute inflammatory response has two facets. For one thing it plays a key role in initial host
defense against infections. But on the downside, it can cause collateral damage of tissues. Especially in
situations with an inciting sterile stimulus, the cost-benefit ratio is unfavorable.

CRP as an ancient protein of the innate immune system physiologically disposes cells and reacts
to almost every disturbance of tissue homeostasis. Therefore, the span of potential indications for CRP
apheresis is broad, and the ongoing clinical trials will illuminate whether this therapy is beneficial in
these specific indications.
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Abstract: Autoimmune encephalitis (AE) is a rapidly progressive inflammatory neurological disease.
Underlying autoantibodies can bind to neuronal surfaces and synaptic proteins resulting in psychiatric
symptoms, focal neurological signs, autonomic dysfunction and cognitive decline. Early and effective
treatment is mandatory to reduce clinical symptoms and to achieve remission. Therapeutic apheresis,
involving both plasma exchange (PE) and immunoadsorption (IA), can rapidly remove pathogenic
antibodies from the circulation, thus representing an important first-line treatment in AE patients.
We here review the most relevant studies regarding therapeutic apheresis in AE, summarizing the
outcome for patients and the expanding clinical spectrum of treatment-responsive clinical conditions.
For example, patients with slowly progressing cognitive impairment suggesting a neurodegenerative
dementia can have underlying autoantibodies and improve with therapeutic apheresis. Findings are
encouraging and have led to the first ongoing clinical studies assessing the therapeutic effect of IA in
patients with anti-neuronal autoantibodies and the clinical presentation of dementia. Therapeutic
apheresis is an established and well tolerated option for first-line therapy in AE and, potentially,
other antibody-mediated central nervous system diseases.

Keywords: autoimmune encephalitis; limbic encephalitis; NMDAR (N-Methyl-D-Aspartat); antibody;
paraneoplastic; apheresis; plasma exchange; immunoadsorption

1. Introduction

Autoimmune encephalitis (AE) is a rapidly progressive inflammatory neurological disease with
subacute onset. Patients may present with behavioral changes and altered mental status as well as
reduced levels of consciousness and new focal neurological signs or epileptic seizures [1]. Furthermore,
deficits in working or short-term memory frequently occur.

AE comprises both, antibody-mediated and paraneoplastic, i.e., cytotoxic T-cell-mediated,
encephalitides. Clinical presentation is diverse and depends on the specific underlying antibody
(Table 1). As more and more novel antibodies and new clinical phenotypes are being identified,
the incidence is rising and currently estimated at 5–10 per 100,000 inhabitants per year [1]. Age and
gender preferences are often specific for a given antibody. In some cases, the exact target of novel
antibodies is not known yet. In other cases, even if the underlying antigen is known, the pathogenic
relevance still awaits scientific clarification.

1.1. Antibody-Mediated AE

The most common and best-known form of antibody-mediated AE is NMDA (N-Methyl-
D-Aspartat) receptor (NMDAR) encephalitis, defined by cerebrospinal fluid (CSF) IgG antibodies
targeting the NMDA type glutamate receptor. Patients present with subacute onset of psychiatric
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symptoms, autonomic instability, focal neurological signs and behavioral changes as well as
new-onset epileptic seizures and reduced levels of consciousness. Other AE-defining autoantibodies
bind directly to excitatory transmitter receptors besides NMDAR (such as AMPA (α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors), inhibitory transmitter receptors (GABAB
(gamma-aminobutyric acid B), GABAA (gamma-aminobutyric acid A), glycine receptors), ion channel
subunits and cell adhesion molecules (Caspr2 (contactin-associated protein 2), IgLON5) or soluble
synaptic proteins (LGI1 (leucine-rich, glioma inactivated protein 1).

Autoimmune dementia might be considered a sub-form of AE with predominant cognitive
deficits. Cognitive impairment is a common feature in AE. For instance, patients with encephalitis
caused by LGI1 antibodies showed markedly impaired verbal and visuo-spatial memory as well
as a significantly reduced hippocampal volume. A severe clinical course correlated with more
pronounced structural damage of the hippocampus and correspondingly a worse overall memory
performance [2]. As patients show good response to immunotherapy, especially in the early stage
of disease, prompt and sufficiently “aggressive” treatment including apheresis is highly important.
Interestingly, the cognitive deficits in LGI1 encephalitis can come in isolation and lead to the working
diagnosis of a primary neurodegenerative disease such as Alzheimer’s. Increasing awareness and the
search for autoantibodies such as LGI1 are needed and can result in the early identification of dementia
patients with an immunotherapy-responsive phenotype [3,4].

1.2. Paraneoplastic AE

In contrast to the neuronal surface antibodies, antibodies in classical paraneoplastic neurological
syndromes (PNS) bind to intracellular antigens (such as Hu, Ri, Yo or Ma2 antibodies) and therefore
do not cause the neurotoxicity directly; they rather serve as valuable biomarkers for an underlying
tumor, often small cell lung cancer and gynecological tumors. The neuronal damage in these cases
is, rather, caused by cytotoxic T-cells with oligoclonal T-cell receptor expansion and autoreactivity
against neuronal structures. Among the antibodies targeting intracellular antigens, GAD (glutamic
acid decarboxylase) and amphiphysin antibodies are an exception as they are not necessarily associated
with a tumor and seem to be pathogenically relevant despite their intracellular antigen location [5].

Table 1. Most important antibodies and clinical syndromes.

Antigen Clinical Presentation Age/Gender Tumor Type

Antibodies against neurotransmitter receptors [6]

NMDAR [7]
Schizophreniform psychosis, perioral
dyskinesia, epileptic seizures, coma,

dystonia, hypoventilation

All ages, peak in
childhood and youth,

75% women
Ovarian teratoma

GABAaR
Epileptic seizures, schizophreniform

syndrome, refractory status epilepticus
and epilepsia partialis continua

Younger adults;
m > f (1.5:1) Hodgkin lymphoma

GABAbR LE with frequent epileptic seizures Older adults
f =m

50% lung cancer
(SCLC)

AMPAR LE, Epileptic seizures, memory deficits,
psychosis

Older Adults
f >m (2.3:1)

In 70% lung/breast
cancer

mGluR5
LE, Ophelia syndrome (depression,

agitation, hallucination, memory deficits,
personality changes)

Young adults,
m > f (1.5:1) Hodgkin lymphoma

GlycinR
PERM (progressive encephalomyelitis

with rigidity and myoclonus), SPS,
cognitive deficits

Older adults
f =m Thymoma (<10%)

DPPX
LE with tremor, myoclonus,

hallucinations, therapy refractory
diarrhea

Older adults
f <m (1:2.3) Not known
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Table 1. Cont.

Antigen Clinical Presentation Age/Gender Tumor Type

Antibodies against ion channel subunits or cell adhesion molecules [8,9]

LGI1 Facio-brachial dystonic seizures (FBDS),
amnesia, psychosis, LE, hyponatremia

Adults > 40 years,
m > f (2:1) Rare

Caspr2
LE, neuro-myotonia, Morvan syndrome,

can slowly progress over up to 1
year;similar to LGI1, but no hyponatremia

Elderly
m > f (9:1) Thymoma possible

IgLON5

REM- and non-REM sleep disorders,
sleep apnea, stridor, dysarthria,

dysphagia, dysautonomia, movement
disorders, dementia

Older adults, f =m Not known

Antibodies against intracellular (onconeural) antigens [10,11]

Hu (ANNA-1) Encephalomyelitis, brainstem
encephalitis, LE, Denny-Brown syndrome

Large variability,
depending on tumor

type

>90%, SCLC

Ri (ANNA-2) OMS, CS, encephalomyelitis >90%, Ovary, breast
cancer

Yo (PCA-1) CS >90%, Ovary cancer

Ma2 LE, CS, diencephalic/hypothalamic
involvement

>90%, Testicular,
lung cancer

CV2 (CRMP5) Encephalomyelitis, LE, CS >90%, SCLC,
thymoma

Amphiphysin SPS >90%, Breast, SCLC

GAD SPS, LE, ataxia Middle aged,
f >m (4:1)

Tumor association
rare

LE: limbic encephalitis, SPS: Stiff-person syndrome, OMS: Opsoclonus-myoclonus syndrome, CS: cerebellar
syndrome, SCLC: small cell lung cancer, PCD: paraneoplastic cerebellar degeneration.

1.3. Therapy for AE

At this point, there is no clear evidence-based treatment standard for AE. Established treatment
strategies for first-line therapy of AE include high-dose corticosteroids (three to five days course of
1000 mg intravenous methylprednisolone), intravenous immunoglobulins (IVIG) (2 g/kg body weight
over three to five days), as well as therapeutic apheresis. Cyclophosphamide and the CD20-antibody
rituximab (1000 mg, with the first two administrations at day 1 and day 15 followed by six months
intervals) might be added in case of persisting or relapsing symptoms and as a long term maintenance
therapy. Most centers favor a low threshold for rituximab initiation given its good safety profile
and potential effect in preventing relapses. Many other treatments have been used with variable
success, including mycophenolate mofetil, methotrexate or azathioprine. It is broadly agreed that
immunotherapy needs to be started as early as possible after symptom onset to be most effective.
Nevertheless, marked recovery can be seen in some patients with antibody-mediated AE in whom
therapy is only started months after disease onset. The choice of adequate therapy depends on the
clinical syndrome and the underlying antibody. However, comparative treatment studies in patients
with AE are sparse and focus on the most common forms of AE, such as NMDAR encephalitis.

In paraneoplastic AE with antibodies targeting intracellular proteins, rituximab, intravenous
immunoglobulins and therapeutic apheresis often have only little effect as the antibodies are not
directly pathogenic. Here, neuronal damage is caused by cytotoxic T-cells. Evidence of a tumor
requires prompt and complete removal in order to withdraw the auto-antigen expressed by the tumor
that triggers the production of autoantibodies. Nevertheless, despite advanced immunotherapy and
tumor removal, in many cases neuronal damage in paraneoplastic AE progresses.

Therapeutic apheresis and the removal of autoantibodies is a major therapeutic option in AE.
The pathophysiological binding of antibodies to their antigens can thereby be reduced.
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2. Search Strategy

To conduct the review, we followed the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines and screened the articles independently for their respective
eligibility [12].

2.1. Inclusion Criteria

We included all articles about patients with autoimmune encephalitis—antibody-mediated as
well as paraneoplastic—treated with plasma exchange or immunoadsorption. Treatment regimen,
such as concomitant immunotherapy, as well as details about the apheresis itself (plasma exchange
(PE) or immunoadsorption (IA), number of courses) had to be specified in the article. Further, outcome
measures, such as the modified Rankin Scale (mRS) or structured neuropsychological assessment
had to be provided. The mRS ranges from zero (no symptoms) to six (death from the disease), and a
change of ±1 mRS point is considered as clinically significant improvement or deterioration. Cut-off
for independent living is at ≤2 mRS points.

2.2. Search Strategy

The following strategy was used to find previous literature and trials (Figure 1): MEDLINE (medical
literature analysis and retrieval system online) was searched for articles published up until 30 June 2020
in English or German. The Medical Subject Headings (MeSH) terms used were “autoimmune
encephalitis” and “apheresis” (37 hits), “plasma exchange” (104 hits) or “immunoadsorption” (12 hits).
Furthermore, the references of the included articles were screened for potential additional articles.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
diagram of the reviewed literature.
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3. Results

3.1. Therapeutic Apheresis in Autoimmune Encephalitides

Therapeutic apheresis is an important treatment option in a range of inflammatory central nervous
system diseases [13]. It has been proven to be beneficial in primary demyelinating disease as well as in
encephalitis caused by antibodies targeting neuronal proteins [14] (Table 2).

Therapeutic apheresis has been shown to be safe and effective leading to measurable laboratory
and clinical improvement in several inflammatory diseases of the central and peripheral nervous
system, including myasthenia gravis, Guillain-Barré syndrome and multiple sclerosis. Apheresis is
recommended by the German Society of Neurology as escalation treatment of severe courses of AE.
Patients should be treated with apheresis at least five times every other day. In cases with predominant
CSF antibodies seven to ten treatment courses are usually needed for relevant reduction of CSF antibody
titers. Before receiving therapeutic apheresis, patients mostly show either severe clinical symptoms on
hospital admission or an insufficient response to therapy with high-dose cortisone or IVIG.

Much has been learned from acquired myasthenia gravis, which represents a “model disease”
for the much later discovered forms of autoantibody-mediated AE. It could first be demonstrated
that removal of the disease-defining acetylcholine receptor antibodies using plasma-exchange led to
marked symptom improvement [15]. Antibodies in antibody-mediated AE are mostly directed against
neuronal surface antigens. Emerging studies have demonstrated that clinical symptoms relate directly
to pathogenic autoantibodies. For example, isolated human monoclonal autoantibodies from patients
with NMDAR encephalitis targeted the NR1 subunit of the NMDAR and were alone sufficient to induce
morphological and electrophysiological changes in the neurons, and to lead to synaptic dysfunction by
downregulation of NMDAR [16]. Thus, the pathogenic effect is caused by the antibodies themselves,
indicating that removal of these antibodies can disrupt the disease-causing mechanisms.

Therapeutic apheresis has been shown to improve clinical symptoms in different
antibody-mediated diseases. According to the American Society for apheresis (ASFA) guidelines PE and
IA are strongly recommended for different antibody-mediated encephalitis forms ranging from low to
moderate evidence. In contrast, the therapeutic role of apheresis is not yet established for paraneoplastic
neurological syndromes and individual decision-making is necessary [23]. In NMDAR encephalitis,
recovery and symptom remission often correlate with a reduction of antibodies, in particular with
a decline in CSF titers. In this way, antibody titers can serve as intra-individual disease biomarkers
and support treatment decisions [24]. Efficacy of therapeutic apheresis relates to the extracorporeal
elimination of circulating serum antibodies, redistribution of antibodies from the extracellular space
and a number of secondary immunomodulatory changes. The inflammatory processes during AE
are likely to involve a leakier blood-brain barrier, which might support further redistribution of
autoantibodies from the central nervous system into the blood [25].
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3.2. Therapeutic Procedure for Apheresis

Therapeutic apheresis offers two different procedures. On the one hand is plasma exchange
(PE), where a defined plasma volume is removed and replaced by human albumin or fresh frozen
plasma. On the other hand is immunoadsorption (IA), a procedure that more specifically removes
immunoglobulins and immune complexes by passing the plasma over an adsorber column, allowing
reinfusion of the patients’ own plasma. Two different IA procedures were used in the reviewed articles:
either a regenerative double column system or a disposable tryptophan column. Tolerability and
therapeutic effects do not show relevant differences between PE and IA in recent studies [14,19,26].
Related to the procedure is a rare risk of pathogen transmission in PE due to substitution with
donor-derived blood components, which is not existent in IA [19]. However, angiotensin-converting
enzyme inhibitors need to be paused for a minimum of 48 h prior to IA, otherwise there exists a risk of
IA-associated bradykinin-release syndrome. Main side effects are not caused by the apheresis directly,
but are rather related to the necessary central venous catheter. They include bleedings, hematoma,
infections, thrombosis or damage caused by the puncture [22].

Usually a minimum of five sessions of apheresis is performed. When patients show a CSF
predominant antibody, more sessions are generally needed in order to eliminate the antibody in the
central nervous system. Most studies included in this review describe a central venous catheter in an
internal jugular vein as vascular access. Only Hempel et al. use a peripheral vein to perform IA and in
order to treat patients as outpatients. However, they report significant patient drop-out due to a failure
of repeatedly accessing the vein [20].

The treated plasma volumes can be calculated using Sprenger’s formula [27]. Depending on the
protocol, a total of 1.5–2.2 plasma volume is processed in PE, whereas in IA 2000–2500 mL plasma per
session are treated [19,22]. Patients treated with PE receive a replacement solution, such as 4% human
albumin or fresh frozen plasma. Treatments take place every other day, although the first two to three
sessions can be conducted on consecutive days in selected cases. Due to the central venous catheter,
anticoagulation is necessary to minimize the risk of thrombosis.

3.3. Initiation of Therapy with Apheresis and Prior Treatment

The specific mechanism of antibody removal has been shown to be a more beneficial treatment
of NMDAR encephalitis than intravenous methylprednisolone alone. In a retrospective study 2/14
patients showed significant clinical improvement following steroids, whereas 9/14 patients who
received additional PE improved in the mRS during the third and fifth cycle of apheresis [17]. This is
likely to be related to the high therapeutic specificity and therefore efficacy of therapeutic apheresis
compared to intravenous immunoglobulins (IVIG) or high-dose corticosteroids. Early diagnosis and
prompt start of a sufficiently “aggressive” therapy are mandatory for symptom reduction and long-term
remission. Interestingly, a study by Heine et al. showed that treatment delay was not associated with a
significantly worsened outcome [19], whereas Onugoren et al. found that, in patients with irreversible
damage of brain structures, such as fixed hippocampal sclerosis, no clinical improvement could be
achieved by IA [22].

Many patients with AE treated with apheresis receive prior treatment with high-dose steroids or
IVIG. The decision for treatment with apheresis is often only made after unsuccessful or incomplete
recovery after these other therapies. It has been shown that both patients who did and patients who
did not receive prior treatment benefitted from apheresis [19]. In all studies analysed, a substantial
part of the patients (up to more than half) received apheresis as initial treatment.

In the study by Onugoren et al. all patients except one out of 19 were treated with high-dose
prednisolone (median dose 4.9 g) in parallel to IA [22]. It is reported that in some patients
immunosuppressive therapy with steroids is continued on a maintenance dose [18]. Especially,
patients with antibodies to LGI1 respond well to continued treatment with steroids [8,9].

Apheresis in patients with AE is most established in the acute phase of the disease. However,
repeated apheresis might also be applied in refractory disease with clinical signs of AE and constant
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detection of high antibody titers. Yet in one study, repeated IA after 4.5 months (median) in six patients
with antibodies against NMDAR, LGI1, Caspr2 and GAD that responded insufficiently to a first series
of IA, did not show any further clinical improvement measured by mRS [22].

In case of an underlying malignancy, tumor removal is essential for improving further
disease course.

3.4. Effects of Treatment with Apheresis in Patients with AE

A better outcome in patients with NMDAR encephalitis was strongly associated with an early
start of immunotherapy (less than 40 days after symptom onset) [28]. Response rate in general
is considerably higher when therapy initiation is started early [29] and includes improvement in
state-of-the-art imaging and neuropsychological assessments [30].

According to a prospective study, symptoms that responded best to apheresis include apathy,
aphasia, stupor, sleep disorders, agitation, myoclonus and dystonia, sensory neuropathy, apraxia and
seizures [19]. In another study, in the majority of patients the modified Rankin Scale (mRS) improved
by ≥1 point. It is of note that no patient worsened during apheresis in these studies.

Treatment efficacy is more pronounced in patients with antibodies against cell surface antibodies
(NMDAR, LGI1, Caspr2, mGluR5) or in patients with intracellular synaptic antibodies (GAD), whereas
no positive treatment effect was observed in patients with paraneoplastic intracellular antigens
(anti-Hu) [19,22]. Marked reduction of serum antibodies occurred during the first five sessions of IA,
but titers dropped further when apheresis was continued. Five days after IA a median decrease in
titers of 97% and 64% was noted for serum and CSF, respectively. Interestingly, the decrease further
continued until the next follow-up (median time after IA 3.9 months) [22]. In a retrospective study,
all cerebral magnetic resonance imaging (MRI) changes in 17 patients with NMDAR encephalitis
decreased [18].

Marked and rapid effects of apheresis can be seen in patients with epileptic seizures concerning
seizure frequency. This was seen for patients with LGI1 and Caspr2 antibodies, where five out of seven
patients became seizure free immediately after initiation of therapy with IA [22]. This treatment effect
results in reduction or even complete removal of antiepileptic drugs.

Several case reports point to the efficacy of PE in drug-resistant status epilepticus caused by AE
in children and adults. Both convulsive and non-convulsive status have been described as being
responsive to apheresis. In patients with abnormal electroencephalogram (EEG) prior to apheresis,
EEG normalization was observed after 5 cycles of PE. EEG improvement correlated with decrease in
antibody titers [31,32].

Treatment of severe AE complicated by status epilepticus or autonomic instability might need to
take place on an intensive care unit. On the ICU, benefit from immunotherapy, including apheresis,
strongly depends on medical complications associated with a prolonged ICU stay [33].

In patients with predominantly psychiatric symptoms related to treatable autoimmunity,
corticosteroids are often hesitantly used given the potential side effect of steroid-induced psychosis.
Overall, notable neuropsychiatric side effects can occur in up to 6% of patients who receive steroids [34];
however, in antibody-mediated AE the clinical improvement with immunotherapy quickly outrivals
any steroid-related effects on psychiatric symptoms according to our experience.

In paraneoplastic AE with antibodies targeting intracellular proteins, therapeutic effects of
rituximab, IVIG and therapeutic apheresis are usually limited as the antibodies are not directly
pathogenic, but neuronal damage is caused by cytotoxic T-cells [19,26]. Furthermore, diagnosis in
paraneoplastic disease is often delayed and substantial irreversible neuronal cell damage has already
occurred at the time of therapy initiation. Discontinuation of therapy should be considered in patients
in whom brain damage has progressed to an advanced stage in MRI after three to six months despite
intensified immunotherapy.

After therapeutic apheresis with both PE and IA, a transient spurious intrathecal immunoglobulin
synthesis of all three subclasses (IgG, IgA, IgM) can be observed. The transient intrathecal Ig fractions
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and increased IgG index are due to dropped serum IgG levels following apheresis. This “intrathecal
pseudo-synthesis” regularly occurs in the first two days after apheresis in a majority of patients [35].
Thus, one needs to consider these abnormalities for interpretation of CSF results from lumbar puncture
shortly after apheresis in order to prevent false diagnostic assumptions.

3.5. Future Treatment Options for Apheresis

Clinical indications for therapeutic apheresis in AE might expand to less recognized
antibody-mediated conditions in the near future. We could recently demonstrate that asymptomatic
mothers of a child requiring psychiatric in-patient diagnostics carried low-level pathogenic human
NR1 antibodies more frequently than control mothers having a healthy child [36]. To better understand
this possible connection, we developed a murine model of pregnancy-related materno-fetal antibody
transfer. Here, human monoclonal NR1 antibodies diaplacentally transferred to the offspring, enriched
in the fetal circulation and brain, caused neurotoxic effects during neonatal development, inducing
brain network changes, and led to neuropathological disorders in the offspring persisting into
adulthood [36]. Given the relatively high frequency of NR1 autoantibodies in the healthy human
population, the findings indicate a novel disease principle with high clinical relevance for lifelong
neuropsychiatric morbidity in the affected children [37]. Most importantly, these pathologies are
potentially treatable with apheresis in asymptomatic mothers, but further studies are needed to
better understand the frequency of autoantibodies, the susceptible window during pregnancy and the
contribution of genetic and further risk factors. Further, this seems not to be limited to the NMDAR,
as other maternal anti-neuronal autoantibodies may similarly cause neurodevelopmental disorders in
the offspring, such as with antibodies against Caspr2 [38].

The use of therapeutic apheresis has been shown to be safe in pregnant women, both for mother
and fetus. A recent Italian study evaluated the use of apheresis during pregnancy. Among 48 pregnant
women receiving apheresis one had suspected autoimmune encephalitis. Adverse events occurred in
2.1% of all patients analysed, which is reported to be lower than the Italian average. Peripheral veins
are preferred as a vascular access during pregnancy to avoid the risks associated with a central venous
catheter [39].

3.6. Apheresis in Children with AE

Children with autoimmune disorders such as antibody-mediated AE can also be treated with
therapeutic apheresis. PE was retrospectively evaluated in 22 children. All children had been treated
with IVIG and/or steroids before PE. Each patient received a median number of six PE sessions.
No PE-related mortality was observed and adverse events occurred in 2.2%, which is the expected
average. Adverse events consisted of hypotension and urticaria. In total, three pediatric patients
with antibody-mediated encephalitis were treated with PE, two patients improved and one patient
showed partial recovery with persistent neurological deficits after three-year follow-up. One patient
with paraneoplastic encephalitis did not benefit from PE and was lost to follow-up [40]. Another
prospective observational study evaluated 535 children with acquired demyelinating syndrome or
encephalitis treated with steroids, IVIG or PE. Here, pediatric patients with autoimmune encephalitis
other than acute disseminated encephalomyelitis (ADEM) had the highest frequency of poor outcome.
However, the individual treatment decisions were not specified [41].

3.7. Autoimmune Dementia and Treatment with Apheresis

Compared to ‘classic’ AE with subacute onset of neuropsychiatric as well as behavioral
symptoms, antibody-associated dementias are a more slowly progressing group of diseases where
decline in working and short-term memory as well as visuo-spatial deficits are the most prominent
features. Detection of high-level autoantibodies in patients with dementia is rare, but autoimmune
dementias represent a form of cognitive decline that is potentially treatable. A Mayo clinic study
reported improvement of cognition in 64% of patients with suspected autoimmune dementia
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after immunomodulatory treatment [29]. An underlying autoimmune mechanism and response
to immunotherapy is more likely when patients do not fulfill routine criteria for established
neurodegenerative dementia forms, but rather present with subacute onset, psychiatric symptoms,
fluctuating disease course, shorter delay to treatment, seropositivity for a specific autoantibody and
inflammatory CSF [29].

In a retrospective study analyzing 286 CSF and serum samples of patients with different dementia
forms, 16% of the serum samples had NMDAR IgA, IgM or IgG antibodies compared to 4.3% in a
healthy control group [42]. Besides the spectrum of known and established pathogenic antibodies,
there might be an even broader range of autoantibodies for which pathogenicity has not yet been
confirmed. It is unclear from these studies whether anti-neuronal autoantibodies develop secondarily
to neurodegeneration or whether they primarily contribute to and drive the disease. It is highly
possible that neurodegeneration leads to the presentation of autoantigens from dying neurons with
consecutive establishment of a specific autoimmune response. In this way, formed autoantibodies
may contribute to synaptic dysfunction, further accelerate cognitive decline or contribute to clinical
symptoms such as behavioral abnormalities commonly present in dementia patients.

Another recent target in dementia patients are autoantibodies against G protein-coupled receptors.
In a small trial analyzing the effect of IA in patients with mild to moderate dementia and agonistic
autoantibodies (agAAB) against α-adrenergic receptors, treatment with four cycles of IA not only
caused disappearance of autoantibodies, but resulted in stabilization of the cognitive and mental
condition during the follow-up period of 12–18 months [20]. Another study that is currently recruiting
(ClinicalTrials.gov Identifier: NCT03132272) investigates the effects of IA in patients with Alzheimer’s
disease positive for agAAB. The group aims to demonstrate discontinuation of the vascular remodeling
and slowing of cognitive decline following IA treatment.

Apheresis not only has an acute effect on disease activity but can be used for longer lasting
immunomodulation. In case of uncertainty of the immunological findings, first-line therapy including
steroids or apheresis may serve as a diagnostic test to support the autoimmune etiology [43]. In our
experience, however, short-term treatment (such as intravenous high-dose steroids for three to five
days) cannot demonstrate clinical improvement in autoimmune dementia in most cases, thus requiring
longer administration for four to six weeks (e.g., daily 0.5 mg/kg prednisone).

Based on the new developments in this field, the ongoing identification of dementia-associated
autoantibodies and the concern about overlooking treatable etiologies, we now offer diagnostic
antibody testing in serum and CSF to every patient with suspected dementia in our memory clinic at
the department of neurology at Charité. In this way we increasingly identify patients with a working
diagnosis of Alzheimer’s, frontotemporal dementia or atypical dementia who have new or established
autoantibodies against neuronal and glial proteins, as exemplarily shown in the case vignette of an
81-year-old gentleman (Box 1).

Detection of antibodies against neurochondrin (Figure 2) in this patient led to immunotherapy
with IA. The observed clinical improvement prompted B-cell depleting therapy with rituximab that
led to long-term stabilization.

The patient participates in an ongoing clinical trial (DRKS00016017) analyzing the role of
anti-neuronal and anti-glial surface antibodies in cognitive disorders and potential improvement
following IA. The study aims to identify dementia patients who harbor autoantibodies against structures
of the central nervous system using cell-based assays for detection of established autoantibodies
as well as screening assays using indirect immunofluorescence on unfixed murine brain sections.
Autoantibody-positive patients with cognitive decline can enroll in the study and receive therapeutic
apheresis (Figure 3). Treatment includes five to six IA sessions over a 12-day course. Cognitive
performance is evaluated prospectively and compared to historic controls. Patients further undergo
structural und functional MRI before and after IA. CSF analysis evaluates the reduction of autoantibody
levels over the course of IA and the potential utility of further biomarkers of neurodegeneration,
such as micro-RNAs.
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Box 1. Clinical case of autoimmune dementia.

An 81-year-old dementia patient presented to our outpatient memory clinic at the department of Neurology
at Charité—Universitätsmedizin Berlin with deficits in working and short term memory as well as difficulties in
concentration. Symptoms began nine months prior to presentation with increasing loss of orientation for place
and time, confusion and reported visual hallucinations. Brain MRI at symptom onset was unremarkable apart
from microangiopathic lesions in the left temporoparietal lobe (Figure 2A). Basic CSF analysis showed markedly
increased protein. Symptoms improved after several weeks without specific therapy, but anterograde memory
deficit persisted. During the following months, two episodes with re-appearance of confusion occurred, but
lasted only for days.

In our center, the patient showed a persisting dysexecutive syndrome with amnestic and visuo-constructive
deficits and apraxia. No other neurological deficits were observed. Montreal cognitive assessment showed
mild cognitive impairment with a score of 21 out of 30. A second CSF analysis revealed normal cell count, but
still increased protein of 1288 mg/L (normal <450 mg/L). No infectious cause was found. Extensive search for
anti-neuronal autoantibodies in serum and CSF including indirect immunofluorescence staining on rodent brain
sections detected neurochondrin IgG antibodies in the CSF (Figure 2B).

The diagnosis of AE with oligosymptomatic memory deficits was established. A three-day course of
intravenous methylprednisolone with 1 g/day led to improved gait, but no impact on cognition was observed.
Because of the persisting memory deficits, two months later five sessions of IA were administered every other
day and resulted in reduction of CSF neurochondrin antibody titers (Figure 2C). The patient reported vertigo
during IA, but vital signs were unremarkable at all times. After IA, the patient described improved concentration;
his wife reported better organization of daily life and his ability to care for himself again. In the Bristol Activities
of Daily Living Scale the patient improved from 20 points to 9 points.

The patient’s autoantibodies targeted neurochondrin, a leucine-rich protein expressed not only in the brain,
but also in bones and cartilage. As neurochondrin is located intracellularly, the pathogenicity of neurochondrin
antibodies is unclear and they might only be a biomarker of autoimmunity including T-cell-mediated
neurotoxicity [44]. Neurochondrin expression is highest in cerebellar Purkinje cells, brainstem, lateral parts
of the central amygdala nuclei and the hippocampal pyramidal cells. Antibodies against neurochondrin bind
robustly to the hippocampus, cerebellum and amygdala, while binding to the striatum, thalamus and cerebral
cortex is less pronounced [45]. Patients described so far presented with rapidly progressing cerebellar ataxia,
brainstem signs and neuropsychiatric symptoms.

Figure 2. Autoantibodies against neurochondrin. (A) MRI T2/FLAIR (fluid-attenuated inversion
recovery) of the 81-year-old dementia patient was largely unremarkable apart from few microangiopathic
lesions in the left temporoparietal lobe. (B) Indirect immunofluorescence of murine cerebellum sections
demonstrated CSF IgG antibodies against neurochondrin (GCL, granule cell layer; PC, Purkinje cells;
ML, molecular layer). (C) Following immunotherapy with five sessions of IA, antibody titers in CSF
were markedly reduced.
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Figure 3. Immunoadsorption in autoantibody-positive patients with cognitive impairment—trial
protocol. Patients with confirmed autoantibodies against central nervous system antigens and
progressing cognitive impairment receive immunotherapy with five sessions of IA together with
detailed neuropsychological, MRI and CSF biomarker assessment. Follow-up monitoring includes two
visits after three and 12 months.

3.8. Closing Remarks and Outlook

Predictors for beneficial outcome after treatment with apheresis in patients with AE include
start of the treatment early in the disease before substantial irreversible brain damage has occurred.
Nevertheless, after longer periods from symptom onset to therapy initiation, apheresis can also result
in symptom improvement. Immunotherapy with steroids or IVIG prior to apheresis does not seem to
have an effect on the overall outcome. Especially in patients with severe disease courses apheresis is a
major treatment option and should be initiated early, possibly together with other immune therapies.

For selected patient groups such as children and pregnant women as well as patients requiring
ICU treatment, the safety and efficacy of apheresis could also be shown.

According to all studies reviewed, the ASFA guidelines and the recommendations given by
the German Society of Neurology, no benefit of apheresis in patients with onco-neuronal antibodies
could be shown. Here, results are inconsistent, with most patients showing no therapeutic effect after
apheresis, or even further deterioration, but in single patients clinical improvement could sometimes
be seen. A clear treatment response to apheresis, both, PE and IA, is established in patients with
antibodies against surface antigens or synaptic antigens. In the articles screened for this review,
there was no difference in outcome of patients treated with PE or IA. Therapeutic apheresis is a valuable
option within the complex multimodal immune therapy of AE. The benefit of treating patients with
antibody-mediated AE with apheresis by far outweighs the possible side effects that were not severe
and were mainly associated with the central venous catheter. Furthermore treatment with apheresis
may be complicated by the necessity of an ICU setting and poor patient cooperation.

Although predominant humoral autoimmunity seems to be rare in dementia patients and requires
further study, the search for autoantibodies in these patients allows the detection of potentially
treatable dementia forms and holds the potential to prevent further cognitive decline in selected
patients. Thus, therapeutic apheresis is not only an important first-line therapy in patients with AE
but may be increasingly considered in further patients who are positive for autoantibodies against
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neuronal structures. This already includes patients with cognitive decline but may in the future expand
to novel clinical indications ranging from antibody-associated psychosis to autoantibody-positive
pregnant women.
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Abstract: Multiple sclerosis (MS) is the most abundant inflammatory demyelinating disorder of the
central nervous system. Despite recent advances in its long-term immunomodulatory treatment,
MS patients still suffer from relapses, significantly contributing to disability accrual. In recent years,
apheresis procedures such as therapeutic plasma exchange (TPE) and immunoadsorption (IA) have
been recognized as two options for treating MS relapses, that do not respond to standard treatment
with corticosteroids. TPE is already incorporated in most international guidelines, although evidence
for its use resulted mostly from either case series or small unblinded and/or non-randomized trials.
Data on IA are still sparse, but several studies indicate comparable efficacy between both apheresis
procedures. This article gives an overview of the published evidence on TPE and IA in the treatment
of acute relapses in MS. Further, we outline current evidence regarding individual outcome predictors,
describe technical details of apheresis procedures, and discuss apheresis treatment in children and
during pregnancy.

Keywords: immunoadsorption; acute relapsing multiple sclerosis; plasma exchange; therapeutic
apheresis

1. Introduction

In multiple sclerosis (MS), the complex interplay between environmental factors and susceptibility
genes leads to the development of inflammatory brain lesions defined by oligodendrocyte death
and axonal damage, recovery of function and structural repair, post-inflammatory gliosis, and
neurodegeneration. Besides, disruption of the blood–brain barrier (BBB) and enhanced transendothelial
migration of immune cells early in the course of MS likely contribute to the disturbance of neuronal
integrity [1]. Numerous reports describe MS as a primarily T cell-mediated disorder [2,3]. However,
findings such as immunoglobulin and complement deposits in demyelinating brain lesions, the
presence of intrathecal immunoglobulin synthesis, and results from clinical trials on B cell depletion
therapies suggest a pivotal role for B cells as well [4–6]. Several well-accepted roles for B cells in MS
include the secretion of the central nervous system (CNS)-directed autoantibodies, B cell-dependent
maturation of autoreactive CD4+ T cells, and dysregulation of cytokine responses [7–9].
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Despite great advances in disease-modifying treatment, treatment for acute MS relapses has
remained largely unaltered for the past 20 years, namely treatment with intravenous or oral
corticosteroids [10]. The administration of high-dose intravenous methylprednisolone (IVMPS;
up to 1000 mg daily) over a period of three to five days usually represents the first step in acute MS
relapse treatment and has been endorsed by national and international guidelines, ever since a first
prospective, randomized trial showed superiority of IVMPS compared to placebo [9,11]. The rationale
here is primarily attributed to a non-genomic response, including a direct effect on cellular membranes,
leading to a suppression of cell-mediated processes (suppression of immune-cell-migration, restitution
of BBB integrity), as well as dose-dependent induction of T- cell apoptosis [12,13]. Although there is
evidence for faster recovery of relapses by IVMPS treatment, there have been notable proponents for
no effect of IVMPS treatment on long-term disability [14]. Furthermore, approximately one-quarter of
the patient’s clinical improvement is not sufficient after the first course of IVMPS [15]. In this context,
apart from extending steroid treatment to a higher dose (up to 2000 mg daily for five additional days),
apheresis procedures, such as therapeutic plasma exchange (TPE) and immunoadsorption (IA) are
considered as an alternative after their proven success in other neurological diseases [16–18]. Here,
the lead (immuno)-pathogenetic principle for both apheresis modalities (TPE and IA) is based on
the removal of circulating, pathogenic humoral factors such as autoantibodies, immune complexes
and inflammatory cytokines, and the modification of pro-inflammatory mediators and co-stimulatory
signals linked to T and B cell-mediated autoimmunity [19–21].

However, guidelines have no uniform recommendations on using TPE or IA in acute
steroid-refractory MS relapses. Both procedures are recommended by the German Society of Neurology
for escalation treatment of acute relapsing-remitting MS (RRMS) exacerbations not responding to
the first IVMPS course [22]. The American Academy of Neurology also advises the use of TPE for
adjunctive treatment of relapsing forms of MS (Level B), while IA is not addressed [23]. In 2016, the
American Society for Apheresis published evidence-based guidelines for the clinical use of therapeutic
apheresis, considering 16 neurological disorders. The modality recommended for most of these
disorders was TPE. The clinical indication category assigns TPE for treatment of MS to category II
(“apheresis accepted as second-line therapy”) and IA for treatment of RRMS to category III (“optimum
role of apheresis therapy is not established”) [23].

Since several studies demonstrated that residual deficits persist after MS relapses and contribute
to a stepwise progression of disability, fast and adequate therapy of relapses is indispensable, and
the optimal treatment sequence has to be well defined [24,25]. Thus, we here aimed to conduct
a review of the published literature that provides a general overview of available evidence using
apheresis treatment in inflammatory demyelinating relapses, and in more detail outlines specific
treatment-determining aspects.

2. Search Strategy

To conduct this review, we followed PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines [26]. The articles were independently screened for eligibility.

2.1. Inclusion Criteria

Studies had to meet the following inclusion criteria:

a. Cohort: Reporting response rates of at least one patient with an established diagnosis of
clinically-isolated syndrome (CIS) or RRMS (according to the McDonald or Poser criteria) or
optic neuritis (ON) in absence of any other infectious or inflammatory disease of the CNS after
treatment due to an acute relapse that is unresponsive to steroids [27–30].

b. Treatment regimens: Apheresis was preceded by relapse therapy with high-dose steroids.
No concomitant immunomodulatory relapse treatment was carried out simultaneously while
using the apheresis procedures. Technical details of apheresis procedures adhered to current
guidelines described in the 2016 consensus paper (number of TPE/IA courses: 4–7 (mean);
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patient’s estimated plasma volume (EPV) per session: 0.6–2.5; for TPE: Fluid replacement with
albumin) [31].

c. Outcome measure: Reporting at least one clinical outcome measure of apheresis; such as the
expanded disability status scale (EDSS), its functional systems scores (FSS), or visual acuity
(VA) [32].

Application of inclusion criteria: a. was mandatory for inclusion. If criteria b. and/or c. were not
met, authors were contacted for additional data. Only in the case of insufficient information were the
studies ultimately excluded.

2.2. Search Strategy

To identify studies, MEDLINE was searched for relevant articles published between 1 January
1980 and 30 April 2019 (in the English or German language). Additionally, we decided to evaluate
abstracts from international conferences, namely Annual Meeting - American Academy of Neurology
(AAN) and European/ Americas committee for treatment and research in multiple sclerosis (ECTRIMS/
ACTRIMS). Medical Subject Headings (MeSH) terms used were ‘multiple sclerosis’, and ‘plasma
exchange’ or ‘immunoadsorption’. Furthermore, reference lists of published articles and abstracts
were screened for additional studies (Figure 1).

Records identified through database
(MEDLINE) searching

(1966 – 04/19)

Records identified through other
sources
n = 8

Records after duplicates removed
n = 566

Records screened
n = 367

Full text articles assessed
for eligibility
n = 108

Records excluded
n = 259

Full text articles excluded
for reason
n = 45

Total of studies included
n = 63

Figure 1. PRISMA flow diagram of the reviewed literature.
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3. Results

3.1. General Efficacy of Apheresis Procedures

3.1.1. Therapeutic Plasma Exchange in Acute MS Relapse

TPE is an extracorporeal blood purification technique separating plasma from blood and involves
the removal of patient plasma and the replacement with another fluid. TPE treatment of isolated
ON, acute RRMS, and CIS, refractory to conventional pulsed IVMPS, has been evaluated in several
studies [19,33–42]. Unfortunately, studies assessing functional outcomes of apheresis treatment used
different outcome measures, usually referring to either the EDSS or its FSS. Reasoning that the most
sensitive outcome was likely to be the one that addressed relapse-related disability, several studies
primarily assessed changes in the ‘target neurologic deficit’ (TND), defined as the predominant symptom
matching the FSS [19,34,35,38,42]. To simplify the statistical analysis, the majority of the reviewed
studies classified recovery according to the response categories ‘no, mild, moderate, and marked’
(Table 1) [19,34–36,38,41,43–45]. Satisfying treatment success was mainly defined as ‘marked to moderate’
response. However, some studies also contained different classifications and/or other outcome parameters
such as visual evoked potentials or gait/power scales from Weinshenker [33,39,42,46,47].

Table 1. Classification of treatment response in the reviewed literature.

Level of Improvement Definition

‘no response’ the same or even worse compared to baseline
‘mild response’ clinically detectable improvement but not relevant to function score
‘moderate response’ changes in function score
‘marked response’ major improvement or restitution of function

Here we outline both the response rates defined by the individual studies, as well as a uniform
transformation of the data according to the ‘FSS-based relapse recovery model’ implemented by
Conway and colleagues (Figure 2) [48]. The outcome model was based on the changes between the
peak deficit and maximum recovery in FSS related to relapse (ΔFSS = FSS relapse peak – FSS maximum
recovery). Relapse specific changes in FSS were defined as a ‘good’, ‘average’, or ‘worse’ response to
apheresis. Although patients’ individual EDSS or FSS were not outlined consistently throughout the
different trials, we extracted the indicated FSS of ON, RRMS, and CIS patients where possible, taking
all limitations of comparability into account. Table 2 gives an overview of published TPE data.

Kurtzke functional systems scores
at maximum recovery after a relapse
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recovery

average
recovery

worse
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Figure 2. Functional systems score (FSS) based relapse recovery model. Good, average, and worse
recovery is assigned based on the peak FSS, and the amount of final stabilized recovery FSS reached.
Modified from Conway et al. [48].
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Studies

Up to now, only two prospective studies have been carried out [33,34]. In 1999, Weinshenker
and colleagues conducted a randomized, sham-controlled and double-blind crossover trial, including
22 patients with acute, steroid-refractory relapses. While 13 patients were diagnosed with RRMS
according to the Poser criteria, the other nine patients suffered from more or less specifically defined
demyelinating disorders [30,33]. Half of the patients received TPE, while the others underwent a sham
procedure in which the blood was separated within the apheresis system but recombined again prior
to re-infusion. Patients that did not achieve a marked or moderate improvement crossed over to the
other treatment arm. At discharge, 8 out of 19 patients (42%) had improved relevantly during the
two-week course of active treatment, compared to 1 out of 17 patients (6%) in the sham group.

The second perspective but not the placebo-controlled study, published in 2009 by Trebst and
colleagues, evaluated 20 patients with acute MS relapses and found a marked to moderate improvement
in 18 out of the 20 patients (90%) following apheresis therapy [34].

Findings in the two prospective studies were underscored by several retrospective trials [19,35,36,38–41].
Two groups demonstrated comparable TPE response rates, revealing a marked to moderate response
in 8 out of 11 patients (73%) and in 28 out of 35 patients (80%) at discharge [19,35]. Corroborating
results from a small case series recorded a marked to moderate response in 3 out of 4 (71%) one month
after TPE [36]. Contrastingly, Ehler and colleagues considered the response rate to be much lower:
Following apheresis therapy, they detected a marked to moderate response in only 2 out of 11 patients
(18%), while a mild response was observed in 8 out of 11 patients (73%) [38]. However, the remaining
demographic characteristics and technical details of apheresis, including cycles and processed plasma
volumes (PPV) did not differ substantially compared to other reviewed studies (Table 3). A slightly
lower response rate was also demonstrated in a multicentre study conducted by Llufriu and colleagues
with an improvement (not otherwise specified) in 11 out of 24 patients (46%) only [39]. As this study
evaluated outcomes after six months, and thus later than the other trials, the sustainability of effects
observed after TPE was questionable. Of note, Magana and colleagues also assessed the clinical course
of 60 RRMS and CIS patients six months following TPE and revealed a rate of moderate or even marked
response of 68% [41]. Several other studies with long-term data on apheresis-treated patients revealed
sustained or even increased functionality during follow-up (1 to 14 months) with no new relapses
occurring in between [19,34,35].

Table 3. Overview of technical details on therapeutic plasma exchange (TPE) and immunoadsorption
(IA )in acute MS relapse.

Author
IVMPS

Refractory
Number of

Cycles (range)
Possessed Plasma

Volume
Replacement

Fluid
Vascular
Access

Reference

Therapeutic plasma exchange

Weinshenker BG. yes 7–14 1.1 EVP 5% albumin CVA [33]
Trebst C. yes 3–7 3.0–4.2 L 5% albumin CVA [34]

Schilling S. yes 4–6 3.0 L 4% albumin CVA [35]
Schroeder A. yes 4–6 50 mL/KgBW 5% albumin CVA [19]

Habek M. yes 5–10 1.5 L 5% albumin N/A [36]
Ehler J. yes 3–8 2.2–3.5 L 5% albumin PV, CVA [38]

Llufriu S. yes 5–15 125–166 EPV 5% albumin N/A [39]
Magana SM. yes 2–20 1.1–1.4 EPV 5% albumin, FFP N/A [41]

Lammerding L. yes 5 15 EPV 5% albumin CVA [42]

Immunoadsorption (tryptophan-based)

Koziolek M. yes 5 2.5 L None CVA [46]
Mauch E. yes 5–6 2.0 L None PV, CVA [47]

Schimrigk S. yes 3–6 2.0–2.5 L None CVA [44]
Schimrigk S. yes 3–6 2.0–2.5 L None CVA [45]

Trebst C. yes 5–7 2.5 L None CVA [43]
Heigl F. yes 6 2.0 L None PV, CVA [49]

Abbreviations: CVA (central venous access), EPV (estimated plasma volume), FFP (fresh-frozen plasma), IVMPS
(intravenous methylprednisolone), kgBW (kilogram per body weight), liter (L), PV (peripheral vein).
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For a uniform transformation of data, according to the Conway model (Figure 2), six studies were
accessible, outlining the patient’s FSS before apheresis and at discharge [19,34–36,38,42]. In total, 181
patients were included in this analysis. Forty-four patients (24%) experienced a good response, 89
patients (49%) an average response, and 48 patients (27%) a worse response.

3.1.2. Immunoadsorption in Acute MS Relapse

IA has entered the field of MS treatment as a new important method for selective extracorporeal
adsorption. In contrast to standard TPE, the eluted plasma can be reinfused during IA, suggesting
a better tolerability and safety profile [50]. Two technical options have been developed: Single-use
tryptophan-based adsorbers and reusable IgG Protein A containing staphylococci-based adsorbers
(PrA-adsorbers). Single-pass devices are used for only one session, while their capacity is limited
to approximately 2.0 to 2.5 L (L) of plasma volume. A treatment with tryptophan adsorber and
conventional plasma separator results in an elimination of 30% of immunoglobulin IgG and IgM, 15%
of IgA, 10% of the patient’s total protein and approximately 60%–70% of the fibrinogen during a single
treatment, with a PPV of 2 L [51,52].

In contrast, a semi-selective (defined by the adsorption of mainly immunoglobulins (>95%), but
not directed against a specific antibody) reusable PrA based devices can provide continuous IA to treat
more than one EPV per session. Strong affinity for Fc fragments of immunoglobulins from any source
is a remarkable characteristic of protein A. After one session with a PPV of 2,5 L a decrease in total
serum IgG level of 87%, 55% of the IgA and 56% of the IgM level occur, without a clinically significant
loss of fibrinogen (less than 15%) [53].

In the last two decades, six studies have been published on IA therapy for RRMS or CIS, including
one prospective study [43–47,49]. All studies used tryptophan based adsorbers (Table 3). In order
to compare these to the TPE studies, we separately reviewed the response rates for ON, RRMS, and
CIS patients where possible and further assessed the patient’s FSS according to the Conway outcome
assessment tool [48]. Table 4 gives an overview of the published IA data.
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Studies

One prospective study has been conducted on IA in acute RRMS [46]. Koziolek and colleagues
reported a significant improvement (defined as improved VA with 0.6 cc or more) in 8 out of 11
patients (73%) suffering from acute steroid-refractory ON (mean VA at baseline 0.12 ± 0.12 compared
to 0.47 ± 0.32 at discharge). In four out of six patients (67%), visual evoked potentials could not be
identified before treatment but were re-detectable after IA [46].

Various retrospective studies are in line with these data [43–45,47,49]. Mauch and colleagues
reviewed the clinical course of 14 patients suffering from acute relapses of either RRMS (n = 12) or
secondary-progressive multiple sclerosis (SPMS, n = 2). TND in 12 out of 14 patients (86%) significantly
improved (assessed via EDSS, FSS not further specified) [47]. Corroborating results from Schimrigk
and colleagues revealed 12 out of 15 patients (80%) with a marked to moderate response to IA [44].
In a subsequent retrospective multicenter study, Schimrigk and colleagues analyzed the largest cohort
of MS patients treated with IA thus far, comprising six sites with 147 patients and 786 single IA
treatments [45]. All patients suffered from an acute relapse of either RRMS (111 patients) or SPMS
(36 patients). In 105 patients (71%), the affected TND improved functionally, including 88 patients
(60%) with marked and 17 patients (11%) with moderate treatment response. Further studies indicated
a marked to moderate response in 5 out of 10 patients (50%), and a marked to mild response (not
precisely differentiated) in 53 out of 60 patients (88%) at discharge [43,49].

As the patient’s individual EDSS and FSS was not outlined consistently throughout the IA trials,
a uniform transformation of data was not possible (only the data of 48 patients out of 3 individual
studies were accessible) [43,44,47].

Comment

Guidelines on apheresis therapies currently refer to TPE only, since data on IA are considered
less substantial [54]. Nevertheless, existing studies with individual outcome assessments indicated
IA as effective with similar response rates compared to TPE (42%–90% for TPE vs. 50%–86% for
IA) [19,33–36,38,43–47,49]. The limitations regarding the comparability of studies must be considered
though. Criteria for patient selection and diagnosis significantly changed over time, and, therefore,
characteristics of RRMS trial populations are diverging, probably resulting in lead-time bias [28,29]. In
this context, a significant number of novel pharmacological agents have not just entered the field but
even defined the treatment of active MS to date.

Additionally, the time points for apheresis therapy and evaluation of outcome parameters selected
differed considerably throughout the trials. While EDSS assessment is universally familiar to MS
clinicians and accepted by regulators, it has shortcomings in its variability between examiners, heavy
emphasis on walking, and especially nonlinearity [55]. Consequently, several relapses associated with
upper limb involvement are not reflected in terms of pre-existing gait impairment. Moreover, trials
do not reflect whether a particular patient does not reconstitute at discharge or goes on to develop
a persistent disability. In this context, in addition to evaluating the overall response, future studies
should also cover the time between discharge and recovery, since complete but delayed recovery may
still mean loss of independence and a need for rehabilitation or intermediate care. The main recovery
has been suggested to take place within the first three months following relapse [24]. Hence, if an
outcome is measured at discharge only, it may not be a suitable marker for overall improvement. On the
other hand, a longer observation period carries the risk of detecting disabilities resulting from new
relapses; confirmed disability progression at six months should be included as an outcome parameter
in future study designs.

3.1.3. Comparison of Apheresis Treatments (TPE vs. IA)

Despite the multitude of studies evaluating TPE or IA treatment of acute MS relapses separately,
only a few studies compared both extracorporeal blood purification methods in terms of clinical
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efficacy, safety profile, and serological changes [21,54,56,57]. Assessing IA effectiveness is complicated
even more by the co-existence of different IA systems (tryptophan based absorbers and PrA-based
absorbers).

Studies

Two retrospective studies directly compared the efficacy of both apheresis treatments and described
IA and TPE as equally effective for treating steroid-refractory relapses of MS [21,54]. Muhlhausen and
colleagues included 140 patients with steroid-refractory exacerbation of MS and neuromyelitis optica
(NMO), while Palm et al. compared the clinical efficacy of TPE and IA in acute relapses of RRMS as
well as progressive forms, respectively [21,54].

In terms of treatment safety, IA is associated with fewer side effects and fewer contraindications [56,57].
Accordingly, the reviewed studies revealed a lower rate of adverse events (AE) during and following IA
compared to TPE. Side effects and discomfort were apparent in 0.8%–15% of IA treatments [43–45,47,49].
In contrast, Koziolek and colleagues reported a higher side effect rate, with 22% mild and moderate
AEs occurring during IA (12/55 IA treatments) [46]. Most AEs were classified according to the Common
Terminology Criteria for Adverse Events (CTCAE) category I–II and were related to symptoms
such as transient hypotension accompanied by dizziness and nausea, chest pain, palpitations, and
headache. Side effects classified as CTCAE categories III–IV were mainly caused by vascular access
and catheter-associated complications [45–47,49]. In this context, catheter dislocations (1/266 patients
from all reviewed IA studies, specifying AEs in detail (Table 4)) and infections (3/266 IA patients), and
catheter-associated thrombosis (6/266 patients) with one case of pulmonary embolism represent the
most relevant risks after IA [45–47,49]. Moreover, one case of heparin-induced thrombocytopenia and
one case of bradykinin-associated shock following a single administration of an ACE inhibitor have
been described [49]. No study observed AEs classified as CTCAE category V following IA.

Notably, side effects reported for TPE were classified higher and were apparent in 24%–80% of
all TPE treatments [19,33–36,38,39,42]. In particular, the risk of apheresis-related AEs with CTCAE
categories I–III was higher for TPE than IA. Apart from the symptoms listed above, TPE AEs
were also related to coagulopathy (including fibrinogen decrease), hypogammaglobulinamia, an
allergic rash, paraesthesia, and anemia [33,35,38,39,42]. The rate of catheter-associated AEs were
slightly higher compared to those of IA patients, with catheter dislocations (7/246 patients out
of all reviewed TPE studies, specifying AEs in detail (Table 2), catheter-associated thrombosis
(9/246 patients) and catheter-associated infections (11/246 patients), including one case of severe
sepsis [19,33–36,38,39,42]. Additionally, one patient developed a catheter-associated phrenic nerve
palsy, one patient a pneumothorax, and another patient experienced gastrointestinal bleeding, associated
with hypofibrinogenemia [33,35,42]. Moreover, one patient died due to pulmonary embolism following
TPE [33].

Comment

Based on the current literature, both treatments appear comparably effective. However, several
studies described particular advantages in terms of safety for IA versus TPE [56,57]. IA avoids the
removal of key plasma components with a milder impact on the cardiovascular system and a lower
risk of allergic reactions and coagulopathy potentially underlying the more favorable safety outcomes.

According to American (ClinicalTrials.gov) and European (EudraCT) registries, further clinical
comparative studies are in preparation. A prospective randomized trial, comparing both procedures
in 60 RRMS and CIS patients with acute relapses, has been completed recently (NCT02671682); study
results thus far unpublished.

In terms of technical options, all current IA studies employ single-use tryptophan-based absorber
columns. Although PrA-based absorbers have been shown to be more effective in pure antibody
depletion, the two techniques have not been compared in MS treatment thus far [58]. However, the
responsiveness of steroid-refractory MS relapses to apheresis therapy is unlikely to depend on antibody
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clearance alone, since the clinical course of the disease is not correlated with autoantibody titers, and
identification of crucial antibody targets remains elusive [59,60].

3.2. Individual Predictors of Apheresis Outcome

Comprehensive predictive models of individual treatment response to apheresis are lacking.
This includes clinical, radiographic, and serological features to characterize individual differences in
apheresis outcome. Several factors may exhibit a predictive value for apheresis response, including age,
sex, monofocal or multifocal relapse manifestation, the affected functional system, previous success or
failure to apheresis procedures in a preceding relapse, as well as technical aspects of TPE and IA [41,61].
However, the current literature is controversial, and whether predictors should be included in clinical
decisions remains to be defined.

Using individual patient data from the respective studies, we performed an analysis of the
literature using the Conway Matrix (Figure 2) to identify predictive factors for the TPE response. We
included all studies that met the above inclusion criteria and outlined the complete sets of individual
patient data, including all predictors we aimed to analyze. Overall, we included five studies with a
total of 146 patients [34–36,42,62]. Statistical analysis was performed with R 3.6.1. The mean of the
predictors was determined and categorized by the TPE response. Next, the data were scaled, centered,
and depicted in a heatmap (Figure 3A). In order to determine the adjusted odds ratio of the predictors,
a multivariate binomial logistic regression was performed (Figure 3B). Adjusted odds ratios with
confidence intervals were displayed in a forest plot. Due to insufficient data in the IA arm, analysis in
this cohort was not possible.

Figure 3. Predictive values of TPE response assessed by the functional systems score (FSS)-based relapse
recovery model. (A) Predictive risk heatmap, applicable in individual patients, using three different
outcome classifications (good, average, and worse) according to the Conway matrix (Figure 2) [48]. The
heatmap depicts the scaled means of the variables. The red color indicates older patients (Age), with a
higher prevalence of not suffering the first demyelinating event (Duration), a long interval between
symptom onset and initiation of TPE (Interval), higher occurrence of male patients (Male), and a higher
prevalence of relapse manifestations other than optic neuritis (no ON). (B) A forest plot of the predictive
values of the TPE response in a multivariate logistic regression analysis. The x-axis represents the
respective adjusted odd ratios for a worse versus good response. Odds ratios are outlined with a 95%
confidence interval (CI; OR >1 no predictive value of treatment response, <1 statistic significant value
associated with beneficial apheresis response). Data were generated in the RRMS and CIS patient
cohort of five individual studies, including a total of 146 patients. All patients received TPE due to
steroid unresponsive relapse [34–36,42,62].
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3.2.1. Patient Dependent Variables (age, sex, neurological status, disease duration, and previous
success or failure to apheresis)

Several studies have shown that the relapse recovery after IVMPS treatment linearly declines with
age [48,63]. Correspondingly, our analysis of the literature revealed a positive association between
poor TPE outcome and older age (Figure 3) [34–36,42,62]. This finding was statistically significant, as
the adjusted OR for age was 0.93 (0.87–0.98, p <0.05).

Moreover, one observational study associated the male sex with a more favorable treatment
response [61]. Of note, our analysis confirmed this observation, also indicating a trend towards a beneficial
TPE response in male patients (Figure 3). However, this finding was not statistically significant.

Magana and colleagues further postulated a shorter disease course to be associated with a
favorable TPE outcome [41]. We evaluated the impact of the disease course by implementing two
groups: The first demyelinating event vs. not the first demyelinating event. Our analysis showed the
superiority of the first demyelinating event compared to not, for treatment response to TPE and thus
confirmed the above-mentioned observation (Figure 3) [34–36,42,62]. However, this finding was not
statistically significant either.

Additionally, a retrospective study by Llufriu and colleagues revealed a positive correlation
between the absence of disease modifying treatment (DMT) and more frequent response to TPE [39].
Since the respective demographic data of these patients are not mentioned in this study, it is not
possible to specify whether this finding is based on a younger patient cohort or a shorter disease course.
However, the predictive value of DMT has not been corroborated by other studies [41,62].

In addition, it can be assumed that a favorable response to apheresis in a preceding relapse
provides a beneficial predictive value. In this context, rare individual case reports from the literature
support this assumption [19,36]. However, the number of cases is small (n = 3) and not accessible for a
systematic analysis.

Comment

To date, no patient-related response predictors have been confirmed for apheresis. However,
regarding the discussed aspects above, our analysis revealed that older age, longer disease duration,
and female sex were associated with poorer TPE outcomes (Figure 3) [34–36,42,62]. Although we
performed uniform evaluation techniques and only included original studies that contained both the
same patient cohort and a comparable TPE protocol according to current guidelines, we have to be
aware of limitations concerning the validity of our findings, such as bias in the search strategy or
methodological bias.

In the long-term, further clinical trials are needed to break new ground towards personalized
MS relapse therapy. Apart from the factors mentioned, there are others of interest that have not been
addressed in the studies thus far. These include the baseline annualized relapse rate, radiological, and
immunological findings.

3.2.2. Impact of the Affected Functional System

It has been discussed whether both subsequent long-term disability and post-relapse recovery are
linked to the site of relapse manifestation [41,63–65]. Magana and colleagues described the highest
response rates after TPE for brainstem and cerebellar impairments [41]. However, a relapse manifesting
as ON has also been described to be associated with more favorable treatment response [48,65]. This
is worth mentioning, as the proportion of patients suffering from acute ON varies considerably
throughout the reviewed trials (TPE: 0%–100% [19,34–36,42,62]; IA: 25%–100% [43–47,49].

To provide better comparability, we analyzed the study data and extracted the indicated VA,
transforming the values into a standardized outcome assessment tool as described above (Figure 2) [48].
Of note, demographic features such as age and sex, the dose of received steroids, the duration between
symptom onset and apheresis treatment, and the number of treatment cycles did not differ between
the trials.
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We were able to extract a total of 151 patients from the 10 studies, treated with either TPE (n =
92) or IA (n = 59) due to acute steroid-refractory ON [19,34,35,38,42–45,47,49]. Based on the described
outcome definition, 30 out of 151 patients (20%) showed “good” recovery, 66 out of 151 patients (44%)
showed “average” recovery, and 55 out of 151 patients (36%) showed “worse” recovery at discharge.

IA resulted in a slightly higher proportion of patients with “good” recovery (14/59 patients, 24%)
compared to TPE (16/92 patients, 17%). However, regarding the rate of non-responders, the available
data indicated the inferiority of IA (31/59 patients, 52%) compared to TPE (24/92 patients, 26%).

In contrast, nine studies outlined the data of patients with relapse other than ON, including in
a total of 119 patients [19,34–36,38,42–44,47]. As the respective studies did not further specify the
affected functional system consistently, we included all these patients in one comparison between ON
and relapses other than ON. Compared to the findings above, 29 out of 119 patients (24%) showed a
good recovery (27/90 patients (30%) in the TPE, 2/29 patients (7%) in the IA group), 55 out of 119 (46%)
an average recovery (40/90 patients (44%) in the TPE, 15/29 patients (52%) in the IA group), and 35 out
of 119 (30%) a worse recovery (23/90 patients (26%) in the TPE, 12/29 patients (41%) in the IA group),
at discharge.

Data on the comparison of ON vs. relapses other than ON regarding the TPE modality are
separately outlined in Figure 3 (ON vs. No ON).

Comment

Except for acute ON, individual FSS was not indicated in the majority of the reviewed studies.
This prevented further analysis of whether a specific disorder or symptom would respond more
favorably to apheresis than another. Transforming VA to the new outcome model allowed us to analyze
the response rate of ON to apheresis throughout the respective trials and compare them to relapses
other than ON. Response rates to apheresis were homogeneously distributed, except for the study
from Trebst and colleagues [19,34,35,38,42–45,47,49]. In this study, all five patients with ON showed a
“worse” response to IA, and also during follow-up, only one patient improved [43]. Since both the
technical data of apheresis and the demographic features of the patients did not differ from other trials,
the cause for non-improvement remains elusive.

As already mentioned, we generated a heat map from the TPE data to demonstrate predictive
factors of the TPE response (Figure 3). Although the finding was not statistically significant, there is a
trend towards a favorable TPE outcome for relapses other than ON (no_ON, Figure 3). Unfortunately,
we were not able to perform a corresponding analysis in the IA group due to missing data points.
Nevertheless, findings encourage further investigations. Randomized controlled trials, investigating
the response rates to both apheresis techniques regarding the relapse manifestation, with the treatment
of the same individual plasma volume by TPE and IA, respectively, are needed.

3.2.3. Time to Treatment Induction/Escalation

Time from symptom onset to apheresis initiation has been of interest in many studies [34,35,39,
42,43,61]. Llufriu and colleagues demonstrated that time from relapse onset to TPE initiation was
significantly shorter in patients who improved after treatment compared with those who did not
respond [39]. When the days from symptom onset to apheresis initiation were stratified as ≤5 days,
16–60 days, and ≥60 days, a corresponding decrease of response rate was found (67% vs. 43% vs. 8%,
respectively). Other groups also confirmed this time dependency [46,61]. Nonetheless, several studies
demonstrated that even with a late TPE start patients markedly improved or recovered fully [34,38,49].
In this context, Trebst and colleagues showed treatment success with IA following a mean interval of
47.2 days—with patients being successfully treated even after more than 100 days following relapse
onset [43].

Our analysis of the literature using the Conway outcome assessment tool revealed a slight, but
statistically significant better TPE outcome, when initiated shortly after symptom onset (adjusted OR
for shorter interval = 0.96 (0.92–0.99, p <0.05)) (Figure 3).
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Comment

A short time interval between relapse onset and apheresis initiation is considered as a strong
predictor of a good outcome, assuming nerve conduction in the early stages is blocked but not
irreversibly damaged [19,35,39]. Consequently, it is recommended to initiate apheresis within six
weeks after relapse onset [35,61]. However, apheresis should also be considered at later stages in
patients with persistent symptoms. Unfortunately, no data exist thus far to aid the identification of
potential responders. Nevertheless, we assume time to apheresis is one important modifying factor
related to treatment outcome.

3.2.4. Pre-Treatment with Steroids

Currently, there is no satisfying estimation of the contribution of steroid-treatment before apheresis
to treatment success. The reviewed literature includes patients having received 2.0–15 g IVMPS prior to
apheresis [19,33,34,36,38,43,45–47,49]. Steroids were administered after a median of 8–12 days (range:
1 to 68 days) after symptom onset and the time interval between the start of IVMPS and apheresis
varied between 3 to 92 days. A limitation in all the studies is the absence of a placebo-treated control
group. Thus, a spontaneous late improvement or a delayed effect of corticosteroids cannot be formally
excluded. However, several aspects suggest the effects are directly associated with the apheresis
procedure: No obvious correlation was apparent between the IVMPS dosage and treatment outcome,
even when accounting for demographic and clinical features such as FSS, age, or sex [34,35,43]. Further,
after a period of non-recovery prior to apheresis, symptoms began to improve soon after TPE or IA
initiation [19,38,47,49]. In this context, several studies showed that most of the patients started to
improve after the third cycle [19,38,47,49].

Further, we recently completed the first retrospective comparative study of double dose steroids
and TPE in acute relapses of RRMS and CIS, including 145 patients [42]. All patients received 5g IVMPS
before escalating treatment with either extended dose of IVMPS (2g/day over additionally five days),
TPE (five cycles every other day, one EPV per session) or the combination of both (IVMPS, subsequently
TPE). The treatment response was assessed according to the FSS-related outcome assessment tool
described above (Figure 2). Good/average/worse recovery of relapse symptoms at discharge was
observed in 60.9%/32.6%/6.5% of TPE patients vs. 15.2%/14.1%/70.7% of IVMPS patients. Of note, in
patients who received TPE after escalated IVMPS treatment, the outcome was significantly inferior
compared to those who received TPE as a first-line escalation treatment (multivariate odd’s ratio for
worse recovery = 39.01 (10.41–146.18; p <0.001)).

Comment

Thus far, there is no standard treatment approach for ongoing relapse regarding steroids and
apheresis modalities. Consequently, guidelines recommend both therapies as possible options for
relapse escalation treatment but give no recommendations towards a specific treatment sequence [66].

Our retrospective comparison of escalated IVMPS vs. TPE revealed significantly higher response
rates at discharge in the TPE group and in patients who underwent only one course of IVMPS prior
to TPE [42]. As a possible explanation, it can be hypothesized that restoring BBB permeability with
IVMPS treatment may, in fact, hinder the elimination of inflammatory mediators within the CNS via
apheresis. Another explanation could be the longer time to apheresis treatment when conducted as the
second instead of first escalation treatment.

Based on both assumptions, it may be preferable to choose a more aggressive therapy (TPE or IA)
in cases of severe relapse, rather than the escalated IVPMS treatment. However, we recommend that
the rapid admission of steroid-refractory patients to apheresis treatment without escalated IVMPS
treatment should be prospectively evaluated.
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3.2.5. Number of Apheresis Courses and the Impact of the PPV

Guidelines currently recommend five to seven courses of apheresis treatment with a PPV according
to 1.0 to 1.5 EPV [16]. An extension of further cycles can be considered on an individual basis in
cases of non-response [22]. These recommendations are mostly derived from calculations of antibody
concentrations. Antibody removal during a single TPE or IA treatment is limited, since (pathogenic)
antibodies are often produced in abundance, with high tissue concentrations, and slowly equilibrated
between their extravascular and intravascular distribution [67,68]. At least five separate treatments are
required to eliminate 90% of the initial total antibody burden [69]. Further, especially for TPE, it is
preferable to perform procedures every other day since exchange volumes per session are limited by the
cumulative alteration of global hemostasis parameters and potentially increased bleeding risk [70,71].
Correspondingly, fibrinogen requires 48 h to recover to half of the pre-treatment level [70]. With regard
to the studies discussed in this review, a comparable protocol was applied with regard to the technical
aspects of therapeutic apheresis such as the volume of whole blood processed (number of cycles,
number of plasma volumes exchanges per cycle), and replacement solution and vascular access, in line
with recent national and international guidelines (Table 3) [31].

Comment

Current recommendations are based on calculations of antibody equilibration rates. However,
there is plenty of evidence that apheresis treatment also eliminates additional soluble factors involved
in acute inflammation [21]. Thus far, no studies exist examining the elimination kinetics of these
additional factors. For clinical routine, the optimal number of cycles needs to be balanced in terms of
achieving the best resolution of symptoms on the one hand, and keeping hospitalization times as short
as possible on the other hand. In the reviewed studies, the first therapeutic effects typically occurred
after a median of three apheresis cycles [19,38,47,49]. Consequently, based on kinetic considerations
and clinical observations, a minimum of three to five cycles should be performed.

3.3. Apheresis Treatment in Special Situations

Although apheresis is an established therapy for adults, there is limited experience and literature
on the application of apheresis in childhood or during pregnancy. The International Pediatric Multiple
Sclerosis Study Group currently recommends TPE for children with severe relapses who do not improve
after high-dose IVMPS or have contraindications; IA has not been implemented in the guideline [72].
However, established treatment standards for children are still lacking, and most apheresis protocols
are derived from studies in adult patients [73].

Additionally, every fourth woman with MS experiences a relapse during pregnancy, and nearly
every third suffers from a relapse in the first three months after birth [74]. Although the amounts of
IVMPS in breastmilk are low, breastfeeding should be avoided for several hours after a high maternal
dose and might occasionally cause temporary loss of milk supply [75]. Moreover, especially within the
first trimester of pregnancy, high doses of IVMPS bear serious risks (preterm birth, a lower bodyweight
of the child, and/or facial/palatal cleft) [76,77]. Thus, alternative treatment options are warranted.
According to international guidelines, both apheresis procedures are recommended as an escalation or
second-line therapy in pregnant patients with steroid unresponsive relapses [66,78].

Studies

In 2013, Koziolek and colleagues reported on the largest cohort of children undergoing apheresis
treatment for severe attacks of demyelinating disorders (including RRMS; NMO-spectrum disorders
and acute disseminated encephalomyelitis) refractory to IVMPS, demonstrating high and sustained
recovery rates (88%) after five cycles of either TPE or IA [79]. These findings correspond to a
retrospective study by Bigi and colleagues [80]. Five pediatric patients (median baseline EDSS 2.0;
range: 0–3.5) were treated with TPE due to a severe attack of RRMS (median EDSS of relapse 6.5;
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range 4 to 7). The mean reduction in EDSS at discharge was 3 points, sustained at follow-up after
three months.

Concerning treatment safety, De Silvestro and colleagues outlined a 5.6% rate of AEs in pediatric
apheresis [81]. Corroborating rates were observed by Koziolek and colleagues, indicating four relevant
side effects (hypotension, acute dyspnoea, catheter dislocation, and decreased serum fibrinogen) in 50
treatment courses in 4 patients (8%) [79]. However, in a retrospective study by Michon and colleagues,
a much higher AE rate was detected for pediatric patients treated with either TPE or IA (55% of all
procedures, n = 137) compared to adult patients (16.2% of all procedures, n = 86) [82].

Further, one retrospective study and several case reports suggest TPE and IA treatment for acute
RRMS relapse during pregnancy and breastfeeding, considering them as rather a safe option [75,83,84].
In 2018, Hoffmann and colleagues conducted the largest retrospective study on this special cohort thus
far, analyzing the use of tryptophan IA during pregnancy and breastfeeding in 24 patients. Twenty
patients were treated with IA during pregnancy, and four patients received IA postnatal during the
breastfeeding period. In 83% of patients, a rapid and marked improvement of the TND was achieved,
defined either as an EDSS decrease of ≥1.0 point or improvement in VA ≥20% at discharge. Moreover,
no clinically relevant side effects were reported in connection with the 138 IA treatments [75].

Comment

Published experience of apheresis procedures in children is limited, and most of the indications
for treatment and the technical and procedural aspects of the procedure are also extrapolated from
adult data and experience [82].

Koziolek and colleagues showed that apheresis in children suffering from acute relapses of
demyelinating disorders seems to be as effective compared to treating adult patients [79]. However,
special risk factors need consideration, including citrate toxicity, extravascular volume shifts, and
difficulty related to vascular access [82]. Therefore, apheresis therapy in children requires a
multidisciplinary approach involving expertise in children, intensive care medicine, and nephrology.
Prospective studies are clearly warranted to optimize treatment protocols and to avoid permanent
disabilities in this sensitive age group.

During pregnancy, apheresis represents a therapeutic option both in first and second-line relapse
treatment. In this context, IA can be considered superior to TPE for several reasons. Plasma levels
of numerous hormones undergo pronounced shifts during pregnancy [85]. The protective effect of
pregnancy on MS disease activity seems to be at least in part, mediated by the immunomodulatory
effects of these hormones. This supports the use of IA to preserve protective plasma proteins, instead
of discarding them as with TPE. A further advantage of avoiding plasma substitution is the reduced
risk of allergic reactions and infections, as well as the reduced impact of coagulation factors [86]. In
contrast to TPE, most coagulation factors remain unaffected by IA, except fibrinogen, especially in
terms of tryptophan based IA [87]. However, no fibrinogen substitution was required in pregnancy IA
studies [75]. Thus, reduced bleeding risk in the perinatal period and reduced thrombotic risk due to
the reduction of antithrombin can be achieved with IA treatment compared to TPE [88]. Moreover,
since IA has a milder impact on the cardiovascular system, including hypotension, it can be assumed
that it is superior in terms of placenta perfusion.

3.4. Closing Remarks and Outlook

Relapses are a hallmark of MS and often associated with significant functional impairment and
decreased quality of life. Consequently, MS relapses need to be recognized and treated quickly using
valid therapeutic methods. Although evidence for apheresis treatment in MS relapse is mostly derived
from either case series or unblinded or retrospective cohorts—especially IA has thus far not been
considered in international guidelines—both procedures have become an alternative to escalated and
repeated pulsed steroid therapy. In respect to our recent comparison of escalated IVMPS and TPE,
apheresis procedures should even be considered as a first-line escalation treatment [42].
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In regard to the preferred apheresis modality and according to the literature, IA should be regarded
as a method of equivalent therapeutic efficacy compared to TPE, probably offering greater safety in its
use. This is particularly relevant in special populations such as children and during pregnancy.

As the long-term goal is to enable personalized MS relapse therapy, the predictive value for
apheresis response is of high interest. In this regard, our analysis and several studies highlighted
time to treatment as an important and modifiable factor related to outcome (Figure 3) [39,46,61].
Consequently, apheresis should be applied as early as possible in the course of a relapse. However,
since some cases describe full recovery for patients even late after symptom onset, a strict regimentation
to the suggested six-week period is not recommendable. Further, our analysis considers younger
age, male sex, shorter MS disease duration, and a relapse not manifesting as ON to be associated
with beneficial apheresis response (Figure 3). However, these parameters (eventually apart from
sex) are associated with beneficial relapse outcomes in general [89,90]. Of note, using binomial
regression models, both predictive values—male sex and shorter interval between apheresis initiation
and symptom onset—were statistically significant (adjusted Odd-Ratio (OR) for age: 0.93 (0.87–0.98, p
<0.05); OR for shorter interval = 0.96 (0.92–0.99, p <0.05). However, as in all systematic reviews, we
have to deal with several limitations, such as bias from selection and publication of studies, availability
of data, choice of relevant outcome, methods of analysis, and interpretation of heterogeneity. Therefore,
we should keep in mind that systematic analyses should neither be a replacement for well-designed
randomized studies.

In this regard, intervention studies with a prospective, randomized, controlled design are required
to compare:

(I) TPE vs. IA (with the same plasma volume exchange (TPE) or adsorbed (IA)), and
(II) Escalated IVMPS vs. apheresis.

With regard to the study protocol, at least five cycles should be performed every other day.
Considering the diversity of MS presentation, multiple patient-related clinical outcomes should be
combined with surrogate endpoints [91]. Both outcome analyses at discharge and in the long-term
(follow-up period of at least three months) are recommendable. Since it remains largely unclear by
which cellular and molecular pathways apheresis affect disease activity, an analysis of blood samples
and IA columns would also be of high interest.

There are several hypotheses regarding the mechanism of action of the different apheresis
techniques, but their discussion is beyond the scope of this review. In this regard, previous studies
provided evidence that the response to apheresis treatment is associated with the immunopathological
pattern, indicating that the pattern of the two patients who showed signs of a humoral immune
response benefited the most [40]. Anyways, knowledge about the predominant lesion pathology
is usually unavailable in clinical routine as MS patients do not undergo a brain biopsy. Given the
strong effects in the overall population of both TPE and IA, the procedures should be offered to all
patients with severe and/or refractory relapses. We assume that, currently, the selection of the definitive
technique will be determined by side effect profile and availability. However, trials are ongoing and
will be published in the nearer future.
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